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So far the standard model has been established in explaining almost all the elementary
particle phenomena, which is based on the SU(3)C  SU(2)W  U(1)Y gauge theories
(see for a review [1]). The SU(2)W  U(1)Y gauge theory provides the dynamics of the
electromagnetic and weak interactions (electroweak interaction, synthetically) through
the spontaneous symmetry breaking induced by the Higgs eld, while the SU(3)C gauge
theory describes the quantum chromodynamics (QCD) for the strong interaction. These
interactions are mediated by the vector gauge elds or gauge bosons. On the other hand,
the fundamental matter elds or particles include quarks and leptons (fermions) with
spin 1/2, and also the Higgs bosons (scalars) with spin 0. Specically, these matter elds
are described as follows in terms of the representations (quantum numbers) of the gauge
groups (SU(3)C ; SU(2)W ;U(1)Y ):
Quarks : q = (u; d) (3;2; 1=6); uc (3;1; 2=3); dc (3;1; 1=3);
Leptons : l = (; e) (1;2; 1=2); ec (1;1; 1);
Higgs bosons : H = (H+; H0) (1;2; 1=2);
where the quarks and leptons are presented with left-handed Weyl elds, and the super-
script \c" indicates the anti-fermion or the charge conjugate of the right-handed fermion.
It is known that there are three generations of quarks and leptons, namely (u1; u2; u3) =
(u; c; t), (d1; d2; d3) = (d; s; b), (e1; e2; e3) = (e; ; ), (1; 2; 3) = (e; ;  ). These
quarks and leptons are distinguished with suitable quantum numbers so-called avors.
The quarks and leptons, except for the neutrinos, acquire masses by coupling with the
Higgs bosons (Yukawa couplings) through the spontaneous breaking of the SU(2)WU(1)Y
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symmetry. Their masses are currently determined by experiments as follows [1]:
mu = 1:7  3:1MeV; mc = 1:18  1:34GeV; mt = 171:4  174:4GeV;
md = 4:1  5:7MeV; ms = 80  130MeV; mb = 4:13  4:37GeV;
me = 0:5110MeV; m = 105:66MeV; m = 1:777GeV;
me < 2eV; m < 0:19MeV; m < 18:2MeV:
We clearly nd certain hierarchies among the quark and lepton masses,
 mu  mc  mt;  md  ms  mb;  ms  mc;  mb  mt;
 me  m  m ;  me ;m ;m ' 0 me:
Here, it should be remarked that the existence of tiny but nonzero neutrino masses has
been conrmed recently by the neutrino oscillation experiments.
Through the mass generation process, the mixing of quarks with the same charge also
occur among the generations. Then, this mixing causes the avor changing processes in
the weak interaction. In the standard model, they appear only in the coupling of the
quarks with the charged weak bosons W at the tree level, which is described with the
Cabibbo-Kobayashi-Maskawa (CKM) matrix (a 3  3 unitary matrix) for the transition
between (u; c; t) and (d; s; b). (See for a review [1].) Such avor changing interactions
contribute to the  decays. Meanwhile, provided the nonzero neutrino masses have been
conrmed by the neutrino oscillation experiments, the lepton mixing is described in a
similar fashion to the quark mixing.
Despite its successful features, the standard model still involve some issues to be
claried. For instance, some elements of the CKM matrix involving the third generation
have not been determined yet experimentally. As the essential ingredient for the SU(2)W
U(1)Y symmetry breaking, the Higgs particle should be discovered, probably by the Large
Hadron Collider (LHC) at CERN. There is no guiding principle for the mass hierarchies
and mixings of the quarks and leptons. The neutrino masses cannot be generated within
the standard model.
According to these unsolved features of the standard model, various extensions have
been considered so far. In the grand unied theory, the SU(3)C and SU(2)W  U(1)Y
gauge groups are embedded into a simple gauge group such as SU(5), SO(10) or E6 (see
for a review [1]). Specically in the E6 model [2, 3, 4], the quarks, leptons, and Higgs
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bosons are described in the 27 dimensional representation. Then, it is noteworthy that
some exotic particles such as the SU(2)W singlet quarks are also included in the 27.
The presence of these particles is also suggested by the extra-dimension theories and the
superstring theories. The extension of electroweak interaction with singlet quarks provides
new physics, which does not exist in the standard model, in particular, violation of the
unitarity of the CKM matrix, and the avor changing neutral currents (FCNC's) at the
tree level [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25].
In this thesis, we investigate a variety of physical implications which are provided by
the extension of the standard model including the singlet quarks. They are expected to
be revealed as new physics in the future experiments. Especially, the discovery of singlet
quarks is directly expected at the LHC, which has started operation reaching the energy
14 TeV. This thesis is based on the studies in Refs. [26], [27], [28]. The remaining parts
of the thesis are presented as follows.
In Chapter 2, we review some topics about the electroweak interaction, including the
singlet quarks.
In Chapter 3, we investigate the aspects of the quark mixings and avor changing
interactions in electroweak models with singlet quarks. The eects on the ordinary quark
mixing are determined in terms of the quark masses and the parameters describing the
mixing between the ordinary quarks q and the singlet quarksQ (q-Qmixing). Some salient
features arise in the avor changing interactions through the q-Q mixing. The unitarity
of the CKM matrix within the ordinary quark sector is violated, and the FCNC's appear
both in the gauge and scalar couplings. The avor changing interactions are calculated
appropriately in terms of the q-Q mixing parameters and the quark masses, which really
exhibit specic avor structures. It is found that there are reasonable ranges of the model
parameters to reproduce the ordinary quark mass hierarchy and the actual CKM structure
even in the presence of q-Q mixing. Some phenomenological eects of the singlet quarks
are also discussed. In particular, the scalar FCNC's may be more important in some cases,
if the singlet quarks as well as the extra scalar particles from the singlet Higgs elds have
masses  100GeV   1TeV.
In Chapter 4, we investigate the quark masses and mixings by including the down-type
quark singlets in universality of strength for Yukawa couplings (USY). In contrast with the
standard model with USY, the sucient CP violation is obtained for the CKM matrix
through the mixing between the ordinary quarks and quark singlets. The top-bottom
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mass hierarchy mt  mb also appears naturally in the USY scheme with the down-type
quark singlets.
In Chapter 5, we investigate the avor changing interactions in the extension of the
standard model with singlet quarks and singlet Higgs, which are induced by the q-Q
mixing. We consider the eects of the gauge and scalar interactions in the F = 2
mixings of K0, Bd, Bs and D
0 mesons to show the currently allowed range of the q-Q
mixing. Then, we investigate the new physics around the electroweak scale to the TeV
scale, which is accessible to the LHC. Especially, the scalar coupling mediated by the
singlet Higgs may provide distinct signatures for the decays of the singlet quarks and
Higgs particles, which should be compared with the conventionally expected ones via
the gauge and standard Higgs couplings. Observations of the singlet quarks and Higgs
particles will present us important insights on the q-Q mixing and Higgs mixing.




2.1 The standard model
The standard model describes the physics of elementary particles based on the gauge
symmetries SU(3)C  SU(2)W  U(1)Y , namely the SU(3)C for the strong interaction
and the SU(2)W  U(1)Y for the electroweak interaction. Henceforth in this thesis, we
concentrate on the physics concerning the electroweak interaction.
The SU(2)WU(1)Y symmetry is spontaneously broken to the electromagnetic U(1)em
symmetry by the Higgs mechanism. Then, the weak gauge bosons W and Z acquire
masses, while the photon A remains massless. They are described in terms of the original
SU(2)W  U(1)Y gauge elds Wa (a = 1; 2; 3) and B as
W = (W1  iW2)=
p
2; (2.1)
Z = cos WW3   sin WB; (2.2)
A = sin WW3 + cos WB; (2.3)
where W = tan
 1(g0=g) is the weak angle with the gauge couplings g and g0 for SU(2)W
and U(1)Y , respectively. The electric charge, the generator of U(1)em, is given by
Qem = I3 + Y=2; (2.4)
where I3 is the diagonal generator of the weak isospin SU(2)W , and Y is the generator of
U(1)Y as the weak hypercharge.
A variety of particles (elds) are contained in the standard model, specically the vec-
tor bosons with spin 1 mediating the gauge interactions, the quarks and leptons (fermions)
with spin 1/2, and the Higgs bosons with spin 0. The fermions and bosons are listed in
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Fermions Electric charge First generation Second generation Third generation
Quarks +2=3 Up (u) Charm (c) Top (t)
 1=3 Down (d) Strange (s) Bottom (b)
Leptons  1 Electron (e) Muon () Tau ()
0 Electron neutrino (e) Mu neutrino () Tau neutrino ( )
Table 2.1: Fermions. There are three generations of quarks and leptons.
Bosons Charged bosons Neutral bosons
Gauge bosons Charged weak bosons (W) Neutral weak boson (Z)
Photon (A)
Gluons (g;  = 1  8)
Higgs bosons Charged Higgs (H+) Neutral Higgs (H0)
Table 2.2: Bosons. Here, the charged Higgs bosons H [H   (H+)] are absorbed as
the longitudinal modes of the massive weak bosons W through the Higgs mechanism.







uR 3 1 2/3







eR 1 1  1






Gauge bosons (W1;W2;W3) 1 3 0
B 1 1 0
(g;  = 1  8) 8 1 0
Table 2.3: The representations (quantum numbers) of the respective particles. The sub-
scripts \L" and \R" represent the left-handed and right-handed fermions, respectively.
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Tables 2.1 and 2.2, respectively. The representations (quantum numbers) of the respective
particles are also shown in Table 2.3.
2.2 Masses and mixings of quarks and leptons
The Yukawa couplings of the quarks and leptons with the Higgs double are given by
LYukawa = q0Lu(i2H)u0R + q0LdHd0R + l0LeHe0R +H:c:; (2.5)
where the generation indices are omitted, and the superscript \0" indicates the electroweak
interaction basis, which may be dierent from the mass eigenstate basis without \0", as
seen below. Through the spontaneous breaking of SU(2)W  U(1)Y with the vacuum
expectation value of the neutral Higgs eld v = hH0i, the mass terms of the quarks and
leptons are generated as 3 3 matrices,
Mu = uv; Md = dv; Me = ev: (2.6)
Here, it should be noted that the neutrinos remain massless, lacking the right-handed
components in the standard model to form the mass matrix M . The quark mass matrix





0@ mq1 0 00 mq2 0
0 0 mq3
1A ; (2.7)









The mass matrix of the charged leptons Me is diagonalized in a similar fashion.
2.3 Flavor changing interactions of quarks
The electroweak interaction of the quarks are described in terms the mass eignenstates.
Then, avor changing couplings appear generally through the quark mixing. (Henceforth,
we concentrate on the quarks, while the leptons are treated similarly.)
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2.3.1 Charged current interaction
The charged current interaction of the quarks coupling with the weak bosons W, at the
beginning, has a avor-diagonal form as u0L1d
0
L in the electroweak interaction basis. Then,
it is described in terms of the quark mass eigenstates as






involving the CKM matrix VCKM. The CKM mixing appears as the dierence between





0@ Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
1A : (2.10)
The CKM matrix represents the avor changing transitions, namely Vud for d! u emit-
ting W , and so on. It can be parameterized with three mixing angles 12, 13, 23 and a
CP -violating complex phase  as
VCKM =
0@ c12c13 s12c13 s13e i s12c23   c12s23s13ei c12c23   s12s23s13ei s23c13
s12s23   c12c23s13ei  c12s23   s12c23s13ei c23c13
1A ; (2.11)
where sij  sin ij and cij  cos ij. The magnitude of VCKM is determined experimentally







Up to now, the matrix elements of VCKM within the rst or second generations are de-
termined in good precision. On the other hand, those involving the third generation are
determined only with large experimental and theoretical uncertainties.
2.3.2 Neutral current interaction









where I3(u) = 1=2 and I3(d) =  1=2 for the left-handed components. Note here that
in the standard model the quarks with the same electric charge couple to Z with the
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same amplitude. This implies that the above neutral gauge interaction remains avor-
diagonal even in terms of the quark mass eigenstates, namely no FCNC's appear at






VqL;R = 1 (q = u; d). The avor changing neutral processes are
substantially suppressed, occurring only in loop diagrams as quantum corrections. Hence,
the observation of sizable FCNC's will serve as a good evidence of new physics, which
may be provided by exotic particles such as the singlet quarks.
2.4 Vector-like fermions
Extensions of the standard model are motivated in various points of view toward the
discovery of new physics, including exotic fermions, extra Higgs elds, enlargement of
gauge interactions, supersymmetry, superstring, extra dimensions, and so on. Among
these intriguing possibilities, the grand unied theories such as the E6 model predict
certain exotic fermions. Specically, the 27 representation of E6 is decomposed under
SU(3)C  SU(2)W  U(1)Y  E6 as
27 = q (3;2; 1=6) + uc (3;1; 2=3) + dc (3;1; 1=3)
+l (1;2; 1=2) + ec (1;1; 1)
+D (3;1; 1=3) +Dc (3;1; 1=3)
+L (1;2; 1=2) + Lc (1;2; 1=2)
+c (1;1; 0) + S (1;1; 0); (2.14)
where the fermions are presented with left-handed Weyl elds. Furthermore, the super-
string models suggest that other exotic fermions, e.g., U (3;1; 2=3) + U c (3;1; 2=3)
may appear from the combination of 27 + 27. These exotic fermions such as the quark
singlet D and the lepton doublet L in the above decomposition have the vector couplings
to the gauge bosons in the standard model (without axial-vector couplings). This is due
to the fact that the left-handed and right-handed (or charge conjugate with superscript
\c") components transform in the same way under the SU(3)C  SU(2)W  U(1)Y , in
contrast with the ordinary quarks and leptons. Hence, these exotic fermions are called
vector-like. We also note that the 27 of E6 contains two extra elds, 
c and S, which do
not have the SU(3)CSU(2)W U(1)Y gauge interaction. Especially, c can be identied
with the right-handed neutrino for the neutrino mass generation.
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These vector-like quarks and leptons are expected to provide various new physics
beyond the standard model, including the unitarity violation of the CKM matrix, the
FCNC's, and so on. This motivates the present thesis to study the new physics provided
by the singlet quarks in the electroweak interaction.
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Chapter 3
Quark mixings and avor changing
interactions with singlet quarks
In this chapter, we investigate the aspects of the quark mixings and avor changing
interactions in electroweak models with singlet quarks. The eects on the ordinary quark
mixing are determined in terms of the quark masses and the parameters describing the
mixing between the ordinary quarks q and the singlet quarks Q (q-Q mixing). Some
salient features arise in the avor changing interactions through the q-Q mixing. The
unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix within the ordinary quark
sector is violated, and the avor changing neutral currents (FCNC's) appear both in the
gauge and scalar couplings. The avor changing interactions are calculated appropriately
in terms of the q-Q mixing parameters and the quark masses, which really exhibit specic
avor structures. It is found that there are reasonable ranges of the model parameters
to reproduce the ordinary quark mass hierarchy and the actual CKM structure even in
the presence of q-Q mixing. Some phenomenological eects of the singlet quarks are also
discussed. In particular, the scalar FCNC's may be more important in some cases, if
the singlet quarks as well as the extra scalar particles from the singlet Higgs elds have
masses  100GeV   1TeV.
3.1 Introduction
Extensions of the standard model may be motivated in various points of view toward the
discovery of new physics. Among many intriguing possibilities, the presence of isosinglet
quarks is suggested in certain models such as E6 type unied models [2, 3, 4]. Specically,
there are two types of singlet quarks, U with electric charge Qem = 2=3 and D with
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Qem =  1=3, which may mix with the ordinary quarks. Then, various novel features arise
through the mixing between the ordinary quarks (q = u; d) and the singlet quarks (Q =
U;D). The unitarity of Cabibbo-Kobayashi-Maskawa (CKM) matrix within the ordinary
quark sector is violated, and the avor changing neutral currents (FCNC's) appear at the
tree-level [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. These
avor changing interactions are actually described in terms of the q-Q mixing parameters
and the quark masses, as seen in detail in the following sections. This may be viewed as
an interesting extension of the natural avor conservation proposed in the early literature
[29, 30]. Furthermore, the q-Q mixing may involve CP violating phases. Hence, it is quite
expected that the q-Q mixing provide signicant eects on various physical processes. It
is also noted that the so-called seesaw mechanism even works for generating the ordinary
quark masses through the q-Q mixing [31, 32, 33, 34, 35, 36, 37, 38, 39].
The q-Q mixing eects on the Z boson mediated neutral currents have been inves-
tigated so far extensively in the literature [9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21].
These analyses show, in particular, that there is a good chance to nd the singlet quark
eects in the B physics. Some contributions of the neutral couplings mediated by the
Higgs scalar particles have also been considered on the neutron electric dipole moment
and the neutral meson mixings [10, 24, 25, 38].
The singlet quarks may even provide important contributions in cosmology. In fact, for
the electroweak baryogenesis [40] the CP violating q-Qmixing through the coupling with a
complex singlet Higgs eld S can be ecient to generate the chiral charge uxes through
the bubble wall [41, 42, 43]. This possibility is encouraging, since the CP asymmetry
induced by the conventional CKM phase is far too small to account for the observed
baryon to entropy ratio. Furthermore, the singlet Higgs eld S providing the singlet
quark mass term and the q-Q mixing term is preferable for realizing a strong enough rst
order electroweak phase transition [43].
As mentioned so far, the singlet quarks may bring various intriguing features in par-
ticle physics and cosmology. Then, it is worth understanding in detail the characteristic
properties of the electroweak models incorporating the singlet quarks. Specically, it is
important to show how the ordinary quark masses and mixings are aected by the q-Q
mixing. The structures of the CKM mixing and FCNC's should also be claried prop-
erly. In this chapter, we present systematic and comprehensive descriptions of the quark
masses, mixings and avor changing interactions in the presence of singlet quarks. In Sec.
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3.2, a representative model with singlet quarks is presented. In Sec. 3.3, the quark masses
and mixings, which are aected by the q-Q mixing, are calculated in detail. Then, the q-Q
mixing eects on the gauge and scalar interactions are examined in Sec. 3.4. They are
described appropriately in terms of the q-Q mixing parameters and the quark masses. In
Sec. 3.5, numerical calculations are performed to conrm the avor structures of the q-Q
mixing eects. Sec. 3.6 is devoted to summary and some discussion on the phenomeno-
logical eects provided by the singlet quarks. The technical details in diagonalizing the
quark mass matrix are presented in Appendix A.
3.2 Electroweak model with singlet quarks
We rst describe a representative electroweak model based on the gauge symmetry SU(3)C
SU(2)WU(1)Y , where both types of singlet quarks U and D and also one complex singlet
Higgs eld S are incorporated. The generic Yukawa couplings of quarks are given by
LY =   uc0u	q0H   U c0hu	q0H
  uc0(fUS + f 0USy)U0   U c0(US + 0USy)U0
  dc0dV y0	q0 ~H  Dc0hdV y0	q0 ~H
  dc0(fDS + f 0DSy)D0  Dc0(DS + 0DSy)D0
+ H:c: (3.1)
in terms of the two-component Weyl elds for the weak eigenstates with subscript \0".
(The generation indices and the Lorentz factors are omitted here for simplicity.) The















with ~H  i2H .
The Higgs elds develop vacuum expectation values (VEV's),
hH0i = vp
2




Here a complex phase S is included in hSi, which may be induced by the CP violation in
the Higgs sector either spontaneous or explicit. The quark mass matrix is then produced




























Hereafter, the quarks with the same electric charge are collectively denoted by Q = (q;Q),
i.e., U = (u; U) and D = (d;D). The dimensions ofMQ and its submatrices are specied
with the three generations of ordinary quarks and the number NQ of singlet quarks.
Some remarks may be presented concerning possible variants of the model. It is
straightforward to describe the models admitting only either U or D quarks. The complex
singlet Higgs eld S is employed in the present model to generate the singlet quark mass
term and q-Qmixing term. This choice will be motivated, in particular, for the electroweak
baryogenesis. The CP violating q-Q mixing provided by the space-dependent complex
Higgs eld S can be ecient for generating the chiral charge uxes through the bubble
wall [41, 42, 43]. Alternative options, however, may be considered about the singlet Higgs
S, including the following cases. (i) The singlet Higgs S is a real scalar eld rather than
complex one. (ii) The singlet Higgs S is eliminated (or it has a mass much larger than
the electroweak scale) while leaving its contributions to the quark mass matrix. (iii) The
models with the complex Higgs S may be extended by incorporating supersymmetry.
The following investigations are made in detail for the model given in Eq. (3.1) with one
complex S. The results can be extended readily for these variants of the model, as will
be mentioned occasionally.
3.3 Quark masses and mixings with singlet quarks
We present in this section the detailed description of the quark masses and mixings which
are aected by the q-Q mixing. It is desired that even in the presence of singlet quarks the
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ordinary quark mass hierarchy and the CKM structure are reproduced in some reasonable
regions of the model parameter space. This issue will be addressed in the following by
inspecting systematically the form of quark mass matrix MQ and its diagonalization.









Mq = diag:(mq1 ;mq2 ;mq3); (3.11)
MQ = diag:(mQ1 ;    ); (3.12)










(qc; Qc) = (qc0; Q
c
0)VQR : (3.14)







for the respective chirality sectors  = L;R. The 3  NQ matrices q and 0q represent
the q-Q mixing.
The leading order calculations on the quark masses and mixings with singlet quarks
are given for NQ = 1 in the literature [5, 6, 7, 8]. Here, we would rather like to present
comprehensive understandings on the q-Q mixing eects which are even valid beyond the
leading orders for more general cases including several singlet quarks (NQ  1).
3.3.1 Choices of the quark basis
We rst note that the quark mass matrix MQ may be reduced to a specic form with
either qQ = 0 or 
0
qQ = 0 by a unitary transformation of the right-handed quarks,
which are undistinguishable by means of the SU(3)C  SU(2)W  U(1)Y . Then, the
Yukawa coupling q can be made diagonal and non-negative by unitary transformations
of the ordinary quarks:
q = diag:(q1 ; q2 ; q3): (3.16)
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The other couplings fQ, f
0
Q and hq involving the ordinary quarks as well as the mixing
matrix V0 are redened accordingly. The condition qQ = 0 or 
0
qQ = 0 is, however,
maintained by these transformations of the ordinary quarks. In this basis, by turning o
the q-Q mixing with fQ; f
0
Q; hq ! 0, the quark elds u0 and d0 are reduced to the mass
eigenstates, and V0 is identied with the CKM matrix. The actual CKM matrix V is
slightly modied from V0 by the q-Q mixing, as shown explicitly later.
It should be noticed that the quark transformations made so far to specify the form
of MQ do not mix the electroweak doublets with the singlets, respecting the SU(3)C 
SU(2)W  U(1)Y gauge symmetry. Hence, without loss of generality we may have two
appropriate choices of the quark basis for the electroweak eigenstates:
basis (a) : 0qQ = 0; (3.17)
basis (b) : qQ = 0: (3.18)












As seen from Eq. (3.8), the basis (a) is chosen naturally by eliminating the hq coupling
with a unitary transformation of the right-handed quarks:
hq = 0! 0qQ = 0: (3.21)
This choice is in fact made irrespectively of the specic values of the VEV's. On the other
hand, the condition,
fQe
iS + f 0Qe
 iS = 0! qQ = 0; (3.22)
for the basis (b) seems to require some tuning between fQ and f
0
Q, which depends on the
phase S of hSi. This tuning may, however, be evaded in some cases including one real
S, no S and one supersymmetric S models. In these models, the f 0Q coupling is absent,
and then the qQ term is rotated out naturally together with the fQ coupling.
The condition Mq = 0 may even be realized by means of the symmetries and matter
contents so as to distinguish the ordinary quarks from the singlet quarks. This is in
fact the case in some left-right gauge models. Then, the so-called seesaw mechanism is
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available for generating the ordinary quark masses with three singlet quarks [31, 32, 33,
34, 35, 36, 37, 38, 39]:
seesaw : Mq = 0 (NQ = 3): (3.23)
The seesaw case may formally be reduced to the basis (a) by the exchange qc $ Qc of
the right-handed quarks. It will, however, be appropriate to treat separately the seesaw
case in its own right.
In the following, we examine accurately for the respective bases how the quark masses
and mixings are aected by the q-Q mixing. The technical details in diagonalizing MQ
are presented in Appendix A.
3.3.2 Basis (a) with 0qQ = 0







Then, it is relevant to introduce the q-Q mixing parameters
fi = max [j(qQ)iaj=mQ]
 (vS=mQ)(j(fQ)iaj+ j(f 0Q)iaj); (3.25)
each of which represents the magnitude of the mixing between the i-th ordinary quark
and the singlet quarks. Here, it is assumed that the singlet quarks have masses  mQ of
the same order.




f )  1 depending on f  (f1 ; f2 ; f3). (See Appendix A for the detailed ar-
guments.) The q-Q mixing and the ordinary quark mixing are estimated in magnitude
as
(qL)ia  (0qL)ia  (mqi=mQ)fi ; (3.27)
(qR)ia  (0qR)ia  fi ; (3.28)
























mqi=mqj (mqi  mqj)








1 (mqi  mqj)
(mqj=mqi)
2 (mqi  mqj)
: (3.32)
The corrections to the diagonal components of Vq are estimated precisely in terms of
the q-Q mixing matrices by noting the unitarity relations for the whole transformation
matrices VQ given in Eq. (3.15):
V yqVq = 1  0q0yq ; (3.33)
VqV
y
q = 1  qyq : (3.34)
We have really observed in Eq. (3.26) that the hierarchical masses mqi of the ordinary
quarks are reproduced by the corresponding Yukawa couplings qi even in the presence of
the q-Q mixing. The q-Q mixing eects are described in terms of the parameters fi in the
basis (a) with 0qQ = 0. It should particularly be noted in Eq. (3.27) that the left-handed
q-Q mixing is suppressed further by the q=Q mass ratios mqi=mQ. The ordinary quark
mixings (Vq)ij (i 6= j) arising at the order of fi fj are actually related to the ordinary
quark mass ratios in Eqs. (3.29) and (3.30). The unitarity violation of Vq is determined
by the q-Q mixing matrices q and 
0
q in Eqs. (3.33) and (3.34). These features of the
q-Q mixing eects, as seen more explicitly in the leading order calculations [5, 6, 7, 8],
even hold for NQ  1 beyond the leading orders.
3.3.3 Basis (b) with qQ = 0


















h)  1 depending on h  (h1 ; h2 ; h3). The q-Q mixing eects are estimated as
(qL)ia  (0qL)ia  hi ; (3.38)
(qR)ia  (0qR)ia  (mqi=mQ)hi ; (3.39)
















Here, the left-handed q-Q mixing in Eq. (3.38) is no longer suppressed by the q=Q mass
ratios in contrast to Eq. (3.27) for the basis (a). Then, as described explicitly in the next
section, the CKM unitarity violation and the Z mediated FCNC's can be signicant for
reasonable values of the q-Q mixing parameters hi [9, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21].
We nd again in Eq. (3.37) that the actual masses of the ordinary quarks are re-
produced in terms of the relevant Yukawa couplings. It should, however, be mentioned
that this relation might not be stable generally. In fact, the quark basis (b) is found by
eliminating the qcQ term qQ = fQhSi+ f 0QhSi. This seems to be a ne tuning between
the couplings fQ and f
0
Q with a given hSi. If the complex phase of hSi is changed by ra-
diative corrections, the quark basis (b) is rearranged so as to keep the condition qQ = 0.
Accordingly, the new diagonal coupling ~q is obtained as a mixture of q and hq. Then,
even if the original couplings qi are chosen so as to reproduce the hierarchical quark
masses mqi  qiv, there is in general no guarantee that the new couplings ~qi also take
the similar values. This problem encountered in the basis (b) may, however, be evaded
reasonably in certain cases. For example, in the models without the f 0Q coupling, the fQ
coupling is eliminated from the beginning by using the right-handed quark transforma-
tion. It is also considered that the q and hq couplings have the same avor structure as
(hq)ai  qi  mqi=v. This relation between q and hq is in fact technically natural, and
the new ~q also has the same hierarchical avor structure.
3.3.4 Seesaw model









We rst consider the case where the singlet quarks have comparable masses,
mQ1 ; mQ2 ; mQ3  mQ: (3.43)








f ; h)  1. The q-Q mixing eects are estimated as
(qL)ia  (0qL)ia  hi ; (3.45)
(qR)ia  (0qR)ia  fi ; (3.46)





2 + (hj )
2
; (3.47)





2 + (fj )
2
: (3.48)
The actual masses of the ordinary quarks may be reproduced in Eq. (3.44) under the
hierarchy for the q-Q mixing terms,
j(qQ)1aj  j(qQ)2bj  j(qQ)3cj (3.49)
and/or
j(0qQ)a1j  j(0qQ)b2j  j(0qQ)c3j: (3.50)
Then, by considering some typical cases, the quark mixings provided by the singlet quarks
may be related to the quark masses with Eq. (3.44):
(i) : fi  hi 
q
mqi=mQ;





(ii) : fi  mqi=hv; hi  hv=mQ;












; (VqR)ij  1: (3.53)
In the case (i) the q-Q mixing terms qQ and 
0
qQ are assumed to have the same avor
structure. In the case (ii) only the qQ term has the hierarchical form (3.49) while the
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0qQ term  hv is rather avor-independent. On the other hand, in the case (iii) only
the 0qQ term has the hierarchical form (3.50) while the qQ term  fvS is rather avor-
independent.
While the above choice for the model parameters is technically natural, there is another
attractive possibility for realizing the ordinary quark mass hierarchy [39]. That is, the
inverted hierarchy is assumed for the singlet quark masses,
mQ1  mQ2  mQ3 : (3.54)
The specic relations such as Eqs. (3.49) and (3.50) are, however, not invoked on the q-Q
mixing terms, i.e.,
(qQ)ia  fvS; (0qQ)ai  hv; (3.55)
where f and h represent the mean values of the relevant Yukawa couplings. In this






where c000i ( f; h)  1 [39]. Accordingly, the quark mixings are obtained in terms of the
ordinary quark masses as
( ~V yqLqL)ia  (0qL)ia  (mqi= fvS); (3.57)
( ~V yqRqR)ia  (0qR)ia  (mqi=hv); (3.58)












Here, the unitary matrices ~V yqL and
~V yqR are introduced to deform the qQ and 
0
qQ terms
to the triangular forms as given in Eqs. (3.184) and (3.185).
It is indeed seen in Eq. (3.56) that the ordinary quark mass hierarchy is realized by
the inverted hierarchy (3.54) of singlet quarks. These relations for the quark masses and
mixings are essentially applicable even for the case m0T  fvS (m0T is the third component
of the diagonal MU), as mentioned in Ref. [39]. In this case, we obtain
mt  hv; mT  fvS (3.61)





3.3.5 Relations among the three bases
We have described so far the structures of the q-Q mixing eects on the quark masses and
mixings. They are summarized in Table 3.1. We here discuss the relations among these
three representative bases. The basis (a) with 0qQ = 0 is suitable as long as the qQ term
does not exceed the MQ term. In this case, the quark masses and mixings are described
well in terms of fi  j(qQ)iaj=mQ . 1. This treatment is, however, invalidated when
jqQj  jMQj in the basis (a). Then, we may seek a more appropriate quark basis by
making some unitary transformations of the quarks. These transformations should respect
the SU(3)C  SU(2)W  U(1)Y , i.e., the components of the doublets are not mixed with
the singlets in the left-handed quark sector before the quark mass terms are generated by
the spontaneous breakdown of the SU(2)W  U(1)Y .
In general, for any NQ  1 the quark mass matrix in the basis (a) can be deformed as



















The q-Q mixing in ~V(1)QR is signicant with ~
(1)
qR  1 for the case of jqQj & jMQj. Here, we











~M (1)q : (3.63)
The mass matrix ~M
(1)




























In this way, starting with the quark mass matrix MQ in the basis (a) with 0qQ = 0, we


















































































































































































































































































































































































































































Here, it is noticed in Eq. (3.65) that the ~0qQ term is related to the ordinary quark
mass matrix ~Mq as
( ~0qQ)ai  ( ~Mq)ii: (3.66)
This implies the relation of the Yukawa couplings,
(~hq)ai  ~qi : (3.67)
Then, the quark masses are obtained as mqi  ~m0qi = ( ~Mq)ii, and the q-Q mixing param-
eters are specically given by the q=Q mass ratios as
~hi  j( ~0qQ)aij=mQ  mqi=mQ: (3.68)
By considering these arguments, the case of the basis (a) may be regarded as a special
case of the basis (b). It is, in particular, interesting that the specic relation (3.67) for the
Yukawa couplings, which may be invoked ad hoc in the basis (b), is obtained naturally
starting from the basis (a).
We next consider the cases with NQ = 3 including the seesaw model. The quark mass










Then, if jqQj & jMQj, the relations for the q-Q mixing eects in the seesaw case can
be applied. We have also seen that if jqQj & jMQj in the basis (a), it is appropriate to
transfer from the basis (a) to the basis (b). Hence, it is expected that the seesaw case











Here, the qQ term is rst eliminated by the right-handed quark transformation, and
then the ~Mq term is made diagonal by the ordinary quark transformation. The relation
between ~0qQ and ~Mq, which is similar to Eq. (3.65), is obtained since they both stem
from the 0qQ term.
If we start with a quark basis with general form ofMQ, the quark masses and mixings
are apparently given as a mixture of the three representative cases. The quark masses are
obtained as
mqi  qiv + fi himQ:
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Then, the hierarchy of the ordinary quark masses may be reproduced by the tuning
between these two contributions or by relating the q-Q mixing parameters fi and/or 
h
i
to the corresponding Yukawa couplings qi . The latter choice seems to be technically
natural. The q-Q mixing eects on the ordinary quark mixing are mainly described in






j , as given in Eqs. (3.47) and (3.48) for the seesaw case.
It should anyway be remarked that these q-Q mixing eects are reduced to those given
in one of the three representative bases, if appropriate rearrangements are made for the
quark elds and relevant Yukawa couplings.
To summarize, we may take complementarily the basis (a) with 0qQ = 0, the basis
(b) with qQ = 0 and the seesaw with Mq = 0. Some choice of the basis may appear
to be more suitable than the others, depending on the parameter ranges and also the
symmetries and matter contents. For example, the seesaw form mass matrix is obtained
readily in the left-right gauge models [31, 32, 33, 34, 35, 36, 37, 38, 39]. The basis (b)
will be suitable if jqQj  jMQj in the basis (a). On the other hand, the ad hoc relation
(3.67) in the basis (b) is realized naturally starting from the basis (a). In the model with
complex singlet Higgs eld S, the condition qQ = 0 in the basis (b) might require a
tuning between the fQ and f
0
Q couplings, as seen in Eq. (3.22), unless f
0
Q  0 is ensured
by means of certain symmetry. In any case, by taking the appropriate quark basis we can
nd the reasonable regions of the model parameter space where the actual masses of the
ordinary quarks are reproduced even in the presence of singlet quarks.
3.4 Flavor changing interactions
In this section, we examine the avor changing interactions of quarks which are aected
by the q-Q mixing. Specically, the CKM unitarity within the ordinary quark sector is
violated, and the FCNC's arise both in the gauge and scalar couplings [5, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. We would like to clarify the
structures of these avor changing interactions for the representative bases. In fact, they
are described appropriately in terms of the q-Q mixing parameters and the quark masses.
Hence, the present model with singlet quarks may provide an interesting extension of the
notion of natural avor conservation [29, 30].
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3.4.1 Charged currents
The charged gauge interaction coupled to the W boson is expressed in terms of the quark
mass eigenstates as
LCC(W ) = gW+ U yVD +H:c:
= gW+ u
yV d+    : (3.71)








The CKM matrix V for the ordinary quarks, which is included in V as a submatrix, is
actually modied from the original V0 as
V = V yuLV0VdL : (3.73)
Here, VuL and VdL are the left-handed ordinary quark mixings induced by the q-Q mixing,
which are presented in the previous section.
In the present model containing only one Higgs doublet, there is no physical charged
Higgs particle mediating the scalar interactions of quarks. If supersymmetric models
with a pair of Higgs doublets H1 and H2 are considered, one physical charged scalar
particle appears. Then, this charged scalar particle as well as the Nambu-Goldstone
mode absorbed by the W boson have the Yukawa couplings which are described in terms
of the quark masses and CKM matrix as
+u = ( Mu=hH02 i)V;  d = ( Md=hH01 i)V y: (3.74)
Therefore, these charged scalar couplings with the same CKM structure as the charged
gauge interaction do not provide so distinct eects on the avor changing processes.
The unitarity violation of the CKM matrix V is calculated with the unitarity relations
(3.33) and (3.34) of VQL :
V yV   1 =  0dL0ydL   V ydLV y0 uLyuLV0VdL ; (3.75)
V V y   1 =  0uL0yuL   V yuLV0dLydLV y0 VuL : (3.76)
As shown in the next subsection, the modication of the Z mediated neutral currents as








[5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25]. In the basis (a) with 0qQ = 0, the CKM unitarity violation is actually far below
the experimental bounds [1]. This is due to the fact that the left-handed q-Q mixing is
suppressed by the q=Q mass ratios, as seen in Eq. (3.27). On the other hand, if the model
parameters are taken so that the basis (b) with qQ = 0 is relevant, the q-Q mixing eects
on the avor changing interactions are not necessarily suppressed by the q=Q mass ratios.
Hence, they can be comparable to the current experimental bounds, as usually considered
in the literature [9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. As for the seesaw model, the
q-Q mixing parameters may be related to the ordinary quark masses, as discussed in the
previous section. Then, the q-Q mixing eects are substantially suppressed.
We now consider how the CKM structure with small avor changing elements is re-
produced in the presence of q-Q mixing. We have seen that in some cases the left-handed
ordinary quark mixing VqL induced by the q-Q mixing is related to the ordinary quark
mass hierarchy. Then, VqL is close enough to the unit matrix, and the actual CKM matrix
V can be obtained readily by taking V0 ' V . In other cases, as seen for example in Eq.
(3.52), VqL itself may deviate signicantly from the unit matrix. Even in such cases, the
unitarity violation of VqL arising at the second order of the q-Q mixing parameters are
constrained to be small enough phenomenologically. Then, the realistic CKM matrix can
be reproduced by taking V0 ' VuLV V ydL . As long as the mixing matrix V0 can be taken
freely, it is in fact impossible to make some denite predictions on the CKM matrix. It is,
however, at least technically natural that the actual CKM matrix is close enough to the
unit matrix. This choice for the CKM matrix can be ensured by means of the approximate
avor symmetries, as is the case in the minimal standard model. It will be an interesting
possibility, as considered in the seesaw models for quark masses [31, 32, 33, 34, 35, 36, 37],
that some predictions on the CKM matrix are obtained by invoking some global chiral
symmetry to restrict the forms of Yukawa coupling matrices.
3.4.2 Neutral currents
We next describe the neutral currents of quarks coupled to the Z boson and Higgs scalar
particles, which are also modied by the q-Q mixing.
Neutral gauge couplings
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The coupling matrices are given by















IZ(F) = I3(F)  sin2 WQem(F) (3.82)
for F = q0; qc0; Q0; Qc0.





0) = 0. The variation of the left-handed couplings induced by the q-Q
mixing is calculated as
ZQ  ZQ  Z0Q
= I3(q0)







The upper-left component, say ZQ[q], in particular, describes the neutral currents among
the ordinary quarks:
ZQ[q] =  I3(q0)0qL0yqL : (3.84)
It should here be noticed that this variation of the neutral currents (3.84) as well as the
CKM unitarity violation given in Eqs. (3.75) and (3.76) arise at the second order of q-Q
mixing [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25].
In the basis (a) with 0qQ = 0, the variation of the Z mediated neutral currents induced
by the q-Q mixing is estimated with Eq. (3.27) as
ZQ[q]ij  (mqi=mQ)(mqj=mQ)fi fj : (3.85)
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This correction as well as the CKM unitarity violation are suppressed substantially by
the second order of q=Q mass ratios, providing negligible eects except for those involving
the top quark.
On the other hand, in the basis (b) with qQ = 0 we obtain
ZQ[q]ij  hi hj : (3.86)
This q-Q mixing eect on the Z mediated neutral currents as well as the CKM unitarity
violation are no longer suppressed by the q=Q mass ratios. Then, some meaningful con-
straints are placed phenomenologically on the q-Q mixing, and such constraints provide
restrictions on the possible contributions to the avor changing processes [9, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21].
The modications of the neutral gauge couplings as given in Eq. (3.86) for the basis
(b) are also obtained for the seesaw model with mQ1 ;mQ2 ;mQ3  mQ. Then, for the
typical cases considered in Eqs. (3.51), (3.52) and (3.53), they are estimated as
(i) : ZQ[q]ij 
q
(mqi=mQ)(mqj=mQ); (3.87)
(ii) : ZQ[q]ij  (hv=mQ)2; (3.88)
(iii) : ZQ[q]ij  (mqi= fvS)(mqj= fvS): (3.89)
Here, for the case (i) we have estimates with the ordinary quark masses as
ZU [u] 











These q-Q mixing eects in the case (i) can be comparable to the experimental bounds
[1] for mQ  500GeV. In the case (ii), where the Z mediated FCNC's are rather avor-
independent, some stringent constraints will be placed phenomenologically on the mass
ratio hv=mQ.
As for the seesaw model with mQ1  mQ2  mQ3 , where the left-handed q-Q mixing
is given by Eq. (3.57), the Z mediated FCNC's appear to be the same as given in Eq.
(3.89) for the case (iii). They are fairly suppressed by the second order of the ordinary
quark masses, which is also the case in the basis (a).
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Neutral scalar couplings
The neutral scalar couplings of quarks are extracted from Eq. (3.1) as




QcQQ + H:c:; (3.92)
where 1, 2, 3 represent the mass eigenstates of the neutral scalar elds. The coupling



















0 fQ  f 0Q
0 Q  0Q

VQL : (3.95)
Here an orthogonal matrix O is introduced to parameterize the mass eigenstates of the






The original complex Higgs elds are decomposed with the real scalar elds as
H0 = hH0i+ (h1 + ih2)=
p
2; (3.97)
S = hSi+ (s1 + is2)=
p
2: (3.98)
While the Nambu-Goldstone mode h2 is absorbed by the Z boson, the remaining h1, s1,
s2 are combined to form the mass eigenstates . At present, the masses m and mixing
matrix O of the neutral scalar elds should be regarded as free parameters varying in
some reasonable range. If the hierarchy vS  v is realized, the mixing between the Higgs
doublet and singlet will be of the order of v=vS.
Let us examine in detail the structures of the submatrices, say Q[q], describing the









HQ [q] = ^q + h^q; 
S











h^q =  0qRhqVqL ; (3.102)




(Q  0Q)0yqL : (3.104)
By considering the relations for the q-Q mixing eects, which are described in Sec. 3.3,
the avor structure of the neutral scalar couplings Q[q]ij is specied for the respective
bases. We suppress below for simplicity the neutral Higgs mixing parameters by assuming
O  1, though they are readily recovered for the scalar couplings.
We rst note the relations,
^q + h^q = 
H














































from the right for  = L or left for  = R. The relation (3.105), in particular, implies
physically that the couplings of the Z boson and the Higgs eld H0 including the Nambu-
Goldstone mode have the same avor structure. In fact, by considering Eqs. (3.84) and
(3.105) with Eq. (3.33) we nd the relation for the FCNC's,
(HQ [q])
(i6=j)
ij = (mqi=v)ZQ[q]ij=I3(q0): (3.111)
Then, it is sucient to calculate the contributions 
S
Q [q] with the singlet Higgs S.
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In the basis (a) with 0qQ = 0, the Z mediated FCNC's are suppressed by the second
order of q=Q mass ratios. Hence, the fQ and f
0
Q couplings provide dominant contributions
to the scalar FCNC's. They are estimated as









where Eqs. (3.27) and (3.30) for the quark mixings are considered. The rst term amounts

















j . Similar estimates are made for the Q and 
0
Q contributions. Then, the
leading contributions to the neutral scalar couplings in the basis (a) with 0qQ = 0 are
given by
Q[q]ij  (mqi=v)ij + (mqj=vS)fi fj : (3.112)
Here, in contrast to the Z mediated FCNC's, the scalar FCNC's in the basis (a) are









  10 5; 10 4; 10 2 500GeV
vS
: (3.114)
Then, these scalar FCNC's are expected to provide signicant phenomenological eects
for fi  0:1  1 and vS  100GeV   1TeV [24, 25].
We here mention that in certain models these contributions to the scalar FCNC's
substantially cancel out. For instance, suppose that f 0Q = 0 and 
0
Q = 0, as is the case







0yqL from Eq. (3.108), which is even smaller by the factor v=vS
than the HQ contribution given in Eq. (3.105). Hence, for this specic case with f
0
Q = 0




ij  (mqi=v)(mqi=mQ)(mqj=mQ)fi fj ,
which are related to the Z mediated FCNC's as seen in Eq. (3.111). This result is also
valid for the no singlet Higgs S model with bare qQ and MQ terms. It should further
be remarked for completeness that in some models only MQ is the bare mass term, but
the qQ term is provided by the singlet Higgs S either real or complex. In this case, the
above cancellation between the fQ and Q couplings does not take place, and hence the
scalar FCNC's are still given by Eq. (3.112).
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We next consider the basis (b) with qQ = 0. It should be noted that the fQ and f
0
Q
couplings may in general take some nonzero values as
j(fQ)iaj; j(f 0Q)iaj  fi: (3.115)
Then, even though the specic combination f^SQ vanishes due to the condition qQ = 0,
there is no reason to have cancellation between the fQ and f
0
Q contributions in Eq. (3.103).
Hence, we obtain
Q[q]ij  (mQ=vS) fihj + (mqi=v)(ij + hi hj ): (3.116)
The rst term from the fQ and f
0
Q couplings is no longer suppressed by the ordinary
quark masses. The avor changing part of the second term from HQ [q] is related to
the Z mediated FCNC's, as given in Eq. (3.111). The Q and 
0
Q contributions in Eq.




j with Eqs. (3.38) and (3.39). It should here
be remembered that in some models the f 0Q coupling is absent. Then, the fQ coupling is
eliminated for qQ = 0, and hence the rst term disappears in Eq. (3.116).
The quark mass matrix of the seesaw form may be deformed formally to those in the
bases (a) and (b), as seen in Sec. 3.3. Hence, similar features are expected for the neutral
scalar couplings, which have been observed so far. For deniteness, we consider the case
where the f 0Q coupling is absent and the submatrix MQ is a bare mass term. Then, the
hq and fQ contributions are determined, respectively, from Eqs. (3.105) and (3.106) with
q = 0 and f
0
Q = 0 as
Q[q]ij  (V yqRVqR)ij(mqj=vS) + (mqi=v)(V yqLVqL)ij: (3.117)
Here, the scalar FCNC's (i 6= j) are described in terms of the ordinary quark masses and
the unitarity violation (3.33) of the ordinary quark mixings VqL and VqR induced by the
q-Q mixing. In particular, the second term is related to the Z mediated FCNC's. In the
case ofmQ1 ;mQ2 ;mQ3  mQ, the rst term can be signicant with the form as given in Eq.
(3.112) for the basis (a). On the other hand, if the inverted hierarchy mQ1  mQ2  mQ3
is realized, these scalar FCNC's are related to the ordinary quark masses with Eqs. (3.57)
and (3.58). Hence, they appear to be negligibly small.
FCNC's (Z) versus FCNC's ()
We have examined so far the structures of the FCNC's for the representative bases,
which are summarized in Table 3.2. We here, in particular, note that in some cases the
scalar FCNC's () can be much larger than the Z mediated FCNC's (Z).
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quark mass gauge-mediated scalar-mediated
matrix form FCNC's (i 6= j) FCNC's (i 6= j)
MQ ZQ[q]ij Q[q]ij

























































Table 3.2: The FCNC's in the gauge and scalar interactions are listed for the representa-
tive bases, which are provided by the q-Q mixing. For the seesaw model, [com] indicates
the case of comparable singlet quark masses mQ1 ;mQ2 ;mQ3  mQ, and [inv] the case of
inverted hierarchy mQ1  mQ2  mQ3 .
In the basis (a) with 0qQ = 0, the FCNC's () arise at the rst order of q=Q mass
ratios, while the FCNC's (Z) are fairly suppressed by the second order of q=Q mass
ratios. Hence, as seen in Eqs. (3.112), (3.113) and (3.114), the FCNC's () are expected
to provide signicant physical eects for mQ;m  100GeV   1TeV.
In the basis (b) with qQ = 0, as seen in Eq. (3.116), if both the fQ and f
0
Q couplings
are present with complex S or several real S's, the FCNC's () contains the term which is
not related to the FCNC's (Z). Then, the contributions of FCNC's () may exceed those of
FCNC's (Z) if the fQ and f
0
Q couplings are large enough with mQ;m  100GeV 1TeV.
The seesaw model with mQ1 ;mQ2 ;mQ3  mQ has a hybrid feature of the above two
cases for the FCNC's, i.e., the FCNC's () has the structure the same as in the basis (a),
while the FCNC's (Z) the same as in the basis (b). In the seesaw model with mQ1 
mQ2  mQ3 , the FCNC's (Z) and FCNC's () are both negligibly small suppressed by
the powers of the ordinary quark masses.
We would anyway like to emphasize that in some cases the eects of the FCNC's
() can be more important than those of the FCNC's (Z). Then, the neutral Higgs
contributions to the avor changing and CP violating processes may rather serve as
signals for the new physics beyond the standard model [10, 24, 25, 38]. This possibility
has not been paid so much attention before in the models with singlet quarks.
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3.5 Numerical analysis
We here perform a detailed numerical analysis for calculating the quark mixings and avor
changing couplings which are induced by the q-Q mixing. The avor structures of these
q-Q mixing eects have been described in the previous sections. They are really conrmed
by this numerical analysis.
We begin with taking some reasonable values for the model parameters. The VEV's
of the Higgs elds are taken typically as
v = 246GeV ; vS = 500GeV :
The singlet quark masses are chosen as
mQa  300GeV   1TeV (a = 1; 2; : : : ; NQ)
(except for the seesaw model with mQ1  mQ2  mQ3). This is made by taking suitably
the Q and 
0




Then, the fQ, f
0
Q and hq couplings are taken so as to reproduce the expected values of
the q-Q mixing parameters:
j(fQ)iaj; j(f 0Q)iaj ! fi . 1 ; j(hq)aij ! hi . 1 :
The complex phases of these Yukawa couplings and the VEV of the singlet Higgs eld are





Q]; S 2 [ ; ] :
The actual masses of the ordinary quarks are reproduced by adjusting the relevant pa-
rameters as
cases (a) and (b) : qi ! mqi ;
seesaw :

(fQ)ia; (hq)ai ! mqi (mQa  mQ) ;
mQi ! mqi (mQ1  mQ2  mQ3) :
The quark mass matrixMQ given with these parameters is diagonalized numerically.
Then, the quark mixing matrices are determined precisely, and the avor changing cou-
plings are calculated. Some typical results on these q-Q mixing eects are shown in Figs.
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3.1 { 3.7 by noting for instance the u-t transition terms. Similar results are also obtained
for the other avor changing terms.
In Fig. 3.1, the u-t mixing elements are shown for the basis (a) with NU = 1 depending
on the combination (f1
f
3)
1=2 of the q-Q mixing parameters. The values of the relevant
couplings are taken randomly. The marks are assigned as
circle : j(VuL)ijj (left-handed);
triangle : j(VuR)ijj (right-handed):
The respective elements are denoted as
blank mark : ij = 13;
lled mark : ij = 31:
The dotted lines indicate the expected avor structures given in Eqs. (3.29) and (3.30).
In Fig. 3.2, the same quantities as in Fig. 3.1 are shown for the basis (b) with NU = 3.
The dotted lines indicate the expected avor structures given in Eqs. (3.40) and (3.41).
The duality (3.164) between the bases (a) and (b) is clearly observed in these gures. That
is, the regions of the circles (left-handed mixing) and the triangles (right-handed mixing)
are exchanged. It is also found that similar q-Q mixing eects are obtained irrespectively
of the number NQ of the singlet quarks.
In Fig. 3.3, the u-t mixing elements are shown for the seesaw models of (i), (ii), (iii)
and inverted cases depending on the relevant coupling parameter f3 
P
a j(fU)3aj=3. It
should here be remarked that mt  v is obtained for j(fU)3aj  1 and j(hu)a3j  1 with





The chirality of the mixings is also denoted as
blank mark : j(VuL)13;31j (left-handed);
lled mark : j(VuR)13;31j (right-handed):
Here, j(Vu)13j and j(Vu)31j appear to be of the same order in the seesaw models. The
dotted lines indicate the expected values given in Eqs. (3.51), (3.52), (3.53), (3.59) and
(3.60). We observe, in particular, that the signicant mixings are induced for (VuL)13
(blank square) of case (ii) and (VuR)31 (lled triangle) of case (iii). Although the left-
handed mixings (VqL)ij appear to be of O(1) for the case (ii), its unitarity violation is
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(εf1εf3)1/2


























1=2. The values of the relevant couplings are taken randomly. The marks are
assigned as \circle" : j(VuL)ijj and \triangle" : j(VuR)ijj. The respective elements are
denoted as \blank mark" : ij = 13 and \lled mark" : ij = 31. The dotted lines indicate
the expected avor structures.
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1=2. The marks are assigned the same as in Fig. 3.1. The dotted lines indicate
the expected avor structures.
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Figure 3.3: The u-t mixing elements are shown depending on f3 for the seesaw models of
(i), (ii), (iii) and inverted cases. The marks are assigned as \circle" : (i), \square" : (ii),
\triangle" : (iii) and \diamond" : inverted. The chirality of the mixings is also denoted
as \blank mark" : j(VuL)13;31j and \lled mark" : j(VuR)13;31j. The dotted lines indicate
the expected values.
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Figure 3.4: The FCNC's of the u-t transition are shown for the basis (a) with NU =
1 depending on (f1
f
3)
1=2. The marks are assigned as \circle (blank)": jZU [u]13j =
jZU [u]31j, \triangle (blank)" : U [u]13 and \triangle (lled)" : U [u]31. The dotted lines
indicate the expected avor structures.
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Figure 3.5: The FCNC's of the u-t transition are shown for the basis (b) with NU = 3.
They depend, respectively, on (h1
h
3)
1=2 for the gauge couplings and ( fi
h
j )
1=2 (ij = 13; 31)
for the scalar couplings. The marks are assigned the same as in Fig. 3.4. The dotted
lines indicate the expected avor structures.
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Figure 3.6: The FCNC's of the u-t transition are shown for the seesaw model of (iii)
depending on f3. The dotted lines indicate the expected values.
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Figure 3.7: The complex phases involved in the FCNC's of the u-t transition are shown
for the basis (a) with NU = 1. The marks are assigned as \circle" : arg[ZU [u]ij],
\triangle-up" : arg[
S+
U [u]ij] and \triangle-down" : arg[
S 
U [u]ij]. The respective elements
are denoted as \blank mark" : ij = 13 and \lled mark" : ij = 31.
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suppressed by hi 
h
j  (hv=mQ)2. Hence, in this specic case with mt  hv, the singlet
quark masses  mU will be required to be suciently larger than the electroweak scale
[9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. The right-handed mixings (VqR)ij  1 for
the case (iii), on the other hand, contribute to provide the signicant scalar couplings
Q[q]ij  (mqj=vS)( f3vS=mQ)2.
The magnitudes of the FCNC's of the u-t transition are shown in Figs. 3.4, 3.5 and
3.6, respectively, for the basis (a), basis (b) and seesaw of case (iii). In these cases, the
signicant FCNC's () are obtained, which are not related to the FCNC's (Z). The marks
are assigned as
circle (blank) : jZU [u]13j = jZU [u]31j;
triangle (blank) : U [u]13;





jHQ [q]ijj+ jS+Q [q]ijj+ jS Q [q]ijj
i
:






(j(fU)iaj = j(f 0U)iaj in the basis (b) with 0qQ = 0), so that their avor structures are read-
ily compared to the expected ones (dotted lines). We observe clearly that in the basis
(a) and seesaw of case (iii) the scalar coupling (13 element) of the u-t transition is quite
signicant being proportional to the top quark mass mt. On the other hand, in the basis
(b) the gauge couplings as well as the scalar couplings can be considerable.
In Fig. 3.7, the complex phases involved in the FCNC's of the u-t transition are shown
for the basis (a). The marks (blank for ij = 13 and lled for ij = 31) are assigned as







[Note that arg[HQ [q]ij] = arg[ZQ[q]ij] due to Eq. (3.111).] Here, the complex phases of
the relevant parameters are taken randomly. It is clearly observed that the CP violating
phases in the gauge and scalar couplings take various values depending on the phases of
the original model parameters.
3.6 Summary and discussion
The singlet quarks may provide various intriguing eects in particle physics and cosmol-
ogy through the mixing with the ordinary quarks. We have presented the systematic
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and comprehensive investigations on the quark mixings in the electroweak models with
singlet quarks. There are some appropriate choices of the quark basis for the electroweak
eigenstates, where the entire quark mass matrix MQ has the specic form without loss
of generality. They are the basis (a) with the Qcq mixing term 0qQ = 0, the basis (b)
with the qcQ mixing term qQ = 0 and the seesaw with the ordinary quark mass ma-
trix Mq = 0. We may take complementarily these quark bases, depending on the model
parameter ranges and also the symmetries and matter contents.
We have examined in detail for these bases how the ordinary quark masses and mixings
are aected by the q-Q mixing. The avor changing interactions are also modied by the
q-Q mixing. Specically, the CKM unitarity within the ordinary quark sector is violated,
and the FCNC's arise both in the gauge and scalar couplings. The structures of these
avor changing interactions have been claried for the respective quark bases. In fact, they
are described appropriately in terms of the q-Q mixing parameters and the quark masses.
These results ensure that there are some reasonable ranges of the model parameters where
the ordinary quark mass hierarchy and the actual CKM structure are reproduced even in
the presence of singlet quarks. In these meanings, the present case with singlet quarks
may provide an interesting extension of the idea of natural avor conservation [29, 30].
A detailed numerical analysis has further been performed for calculating precisely
the quark mixings and avor changing couplings with singlet quarks. Then, it has been
conrmed that the q-Q mixing eects really exhibit the expected avor structures. These
calculations on the singlet quarks may be extended readily for the models with various
exotic quarks and leptons such as vector-like electroweak doubles, where the entire fermion
mass matrix has the same form as MQ.
We nally discuss some phenomenological implications derived from the results of the
present investigations. We particularly note that the scalar FCNC's () are sometimes
fairly larger than the gauge FCNC's (Z), as seen in Figs. 3.4, 3.5 and 3.6. Then, if
the singlet quarks and extra Higgs particles exist just above the electroweak scale with
mQ;m  100GeV   1TeV, the scalar FCNC's () are expected to provide signicant
eects on the avor changing and CP violating processes, e.g., the K, B and D meson
physics. Hence, these eects of scalar FCNC's () rather than those of gauge FCNC's (Z)
might serve as signals for the new physics beyond the standard model. This possibility
has not been paid so much attention before in the models with singlet quarks.
The FCNC's induced by the q-Q mixing may sometimes be related to the ordinary
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quark masses. Then, it will be expected that the q-Q mixing eects can be observed most
likely in the top quark physics. In particular, in the basis (a) the scalar FCNC's () and
the gauge FCNC's (Z) arise, respectively, at the rst and second orders of the ordinary
quark masses. Then, we expect Br(t! cZ)  10 5 with j(ZU)13j  (mc=mQ)(mt=mQ)
for mQ  200GeV and fi  1 while negligibly small Br(t ! uZ). If the neutral Higgs
particle 1, which is mainly h1 of the standard model, is light enough, we would obtain
the top quark decays involving 1 [61]. The branching ratio can be rather signicant
with the scalar couplings j(SQ )i3j  (mt=vS)fi f3 and the H-S mixings O21; O31  v=vS.
In fact, we estimate Br(t ! qi + 1)  10 2(fi f3)2 (qi = u; c) for vS  500GeV and
m1 ' 100GeV.
It will be worth making further investigations of these remarkable eects particularly
of the scalar FCNC's induced by the q-Q mixing.
Appendix A
Diagonalization of the quark mass matrix
We here present the algebraic calculations for diagonalizing the quark mass matrix MQ.
The leading order results for NQ = 1 are given in the literature [5, 6, 7, 8]. We do
not intend to calculate explicitly the higher order corrections. The following treatments
hence seems to be of little practical use. The diagonalization of MQ can anyway be
made precisely by numerical calculations. We would rather like to present comprehensive
explanations for the specic avor structures of the q-Q mixing eects. They are even
valid beyond the leading orders for more general cases with several singlet quarks and
wide ranges of the model parameters. Then, the following arguments appear to be helpful
to understand the results of precise numerical calculations.
The diagonalization of MQ may be performed at two steps by dividing the unitary
transformation as



































































The rst step transformation is utilized for eliminating qQ and 
0
qQ, which may be
given by
V(1)Q = exp[EQ ] = 1+ EQ +
1
2!
E2Q +    (3.123)







Then, we have the submatrices in V(1)Q as
(1)q = 
(1)0





qq + : : :
= q Bq = B
0
qq ; (3.125)







q +   
= 1+ q Aq
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yqq +   
= 1+ yq





where Aq , AQ , Bq , B
0
q = 1 + O(
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  (V (1)yQR MQ + (1)yqR qQ)(1)yqL = 0: (3.130)
These 2  3  NQ conditions are just satised by the 2  3  NQ parameters contained




q may be expressed in terms of the q-Q mixing matrices 
(1)
q with Eq.


































QR =  AqR(1)yqR qQ +0yqQ(1)qL V
(1) 1
QL




The eective quark mass matrices obtained at the rst step are given by
M (1)q = (V
(1)y
qR





















q for the ordinary quarks is, in particular, calculated by considering the relation
 (V (1)yqR qQ   (1)qRMQ) = (V (1)yqR Mq   (1)qR0qQ)(1)qL V (1) 1QL from Eq. (3.129) as
M (1)q = (V
(1)y
qR













Q at the rst step are generally non-diagonal.
















This completes the diagonalization of MQ.
Basis (a) with 0qQ = 0
In the basis (a) with 0qQ = 0, the q-Q mixing is generated by the qQ term. Then,
the q-Q mixing matrices at the rst step are determined with Eqs. (3.131) and (3.132) as
((1)qL )ia  (mqi=mQ)fi ; (3.141)
((1)qR )ia  fi ; (3.142)
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where the relation m0qi  mqi , as seen later in Eq. (3.155), is considered for (Mq)ij =
m0qiij. We also obtain form Eq. (3.126) with Eqs. (3.141) and (3.142)
(V (1)qL )ij  ij + (mqi=mQ)(mqj=mQ)fi fj ; (3.143)
(V (1)qR )ij  ij + fi fj : (3.144)
The eective mass matrix M
(1)
q for the ordinary quarks is given from Eq. (3.137) with
0qQ = 0 as




The structure of Rq is specied in Eq. (3.138) with Eq. (3.141) as
(Rq)ij  (mqi=mQ)(mqj=mQ)fi fj : (3.146)






















0@ 1 f1f2 f1f30 1 f2f3
0 0 1
1A : (3.148)




)ij  ij + fi fj : (3.149)














1 (k = i for i < j, k = j for i > j)
0 (otherwise)
:
The eective mass matrix M
(10)
q and its squared ones (3.150) and (3.151) are diago-
nalized by the unitary transformations,




















The second step transformation of the right-handed ordinary quarks is then given by

















with certain factors qi(
f )  1, which are in fact  1=2 in the leading order for NQ = 1.
The net eects on the quark mixings involving the ordinary quarks are calculated in
Eqs. (3.121) and (3.122) as
q ; 
0
q  (1)q ( = L;R); (3.156)




The symbol \" henceforth indicates that the mixing matrices have the same structure
with respect to the ordinary quark avors. These relations are justied as follows. The






































mqj < mqi :
It is in fact smaller than the rst term. Similar calculations are made for the right-handed
q-Q mixing matrices qR and 
0
qR
. For the left-handed ordinary quark mixing, the relation
(VqL)ij  (V (2)qL )ij is veried by considering the inequality (V (1)qL )ik(V (2)qL )kj . (V (1)qL )ij .
(V
(2)












where Eqs. (3.148) and (3.154) are considered in the second equality. By using the specic




qR , we nd the relation (VqR)ij  (V (2
00)
qR )ij under
the quark mass hierarchy mq1  mq2  mq3 . mQ.
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Basis (b) with qQ = 0
The diagonalization of MQ in the basis (b) with qQ = 0 is practically reduced to










This matrix has the same form as MQ with 0qQ = 0 by replacing the submatrices as
Mq ! M yq ; MQ !M yQ;
0qQ = 0 ! yqQ = 0; qQ ! 0yqQ: (3.160)







Hence, the relations obtained for the basis (a) with 0qQ = 0 are also applicable to the
present basis (b) with qQ = 0 by taking the substitution (3.160). The q-Q mixing
parameters are then replaced as
fi ! hi : (3.162)
The quark mixing matrices are exchanged as
VQL $ VQR ; (3.163)
i.e.,
VqL $ VqR ; VQL $ VQR ;
qL $ qR ; 0qL $ 0qR : (3.164)










with certain factors 0qi(
f )  1, which are  1=2 in the leading order for NQ = 1.
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Seesaw model
In the seesaw model, the q-Q mixing matrices at the rst step are obtained from Eqs.









(1)qR = qQ(MQ + QR)
 1: (3.167)
Then, we obtain from Eq. (3.137)





qQ   QL)[1+ EQ(1)yqR qQ] 1
 0qQ(1)qL + (1)yqR qQ (3.169)
with
CQ = MQ(MQ + QR)
 1(V (1)y 1QR   AqR); (3.170)
EQ = (MQ + QR) 1(V (1)y 1QR   AqR): (3.171)
Now suppose that all the singlet quarks have comparable masses, mQ1 ; mQ2 ; mQ3 
mQ. Then, we obtain from Eqs. (3.166) and (3.167)
((1)qL )ia  hi ; (3.172)
((1)qR )ia  fi ; (3.173)
(V (1)qL )ij  ij + hi hj ; (3.174)
(V (1)qR )ij  ij + fi fj : (3.175)
We can also see from Eq. (3.168) that the eective quark mass matrix has a specic avor
structure,
(M (1)q )ij  fi hjmQ: (3.176)
The unitary matrices to diagonalize M
(1)
q are given as





2 + (hj )
2
; (3.177)









Then, the net eects on the quark mixings are calculated as
q ; 
0
q  (1)q ( = L;R); (3.179)
Vq  V (2)q ( = L;R): (3.180)




q )kj . (V (1)q )ij . (V (2)q )ij (k 6= i; j) for fi ; hi . 1 is
considered. The ordinary quark masses are obtained as
mqi  fi himQ: (3.181)
We next consider the case with inverted hierarchy for the singlet quark masses, mQ1 
mQ2  mQ3 [39]. The q-Q mixing terms are assumed to have no signicant avor depen-








by using suitable transformations of singlet quarks. The singlet quark masses are provided




mQa ' m0Qa : (3.183)
(This relation is replaced by that of mT  fvS for the singlet quark T  U3 with m0T 
fvS [39].) It is also suitable to deform the q-Q mixing terms to triangular forms by the
ordinary quark transformations, without modifying Mq = 0 and MQ:
qQ = fvS




0@ 1 1 10 1 1
0 0 1
1A ; (3.185)
where \1" denotes the factors of O(1).
The eective quark mass matrix M
(1)
q given in Eq. (3.168) is evaluated as follows. We














where, as seen from Eq. (3.169) with 
(1)
q . 1 and Eqs. (3.184) and (3.185),Q(1+M 1Q Q) 1ab . fvS + hv: (3.187)
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Then, by applying Eqs. (3.184), (3.185) and (3.186) for Eq. (3.168), the eective quark
mass matrix M
(1)




M (1)q  (hv)( fvS)






The second term in the right-hand side of Eq. (3.186) actually provides sub-leading con-




. These corrections, however, do not alter the structure
(3.188) of M
(1)
q for fvS=mQi . 1. This specic form of M
(1)
q provides the ordinary quark
masses,
mqi  ( fvS=mQi)hv: (3.189)
The rst step mixings are obtained from Eqs. (3.166) and (3.167) by using Eqs. (3.184)
and (3.185) for qQ and 
0
qQ and the relation similar to Eq. (3.186):
((1)qL )ia  hv=mQi ; (3.190)
((1)qR )ia  fvS=mQi ; (3.191)









The unitary transformations to diagonalize M
(1)
q of Eq. (3.188) are given by
(V (2)qL )ij; (V
(2)
qR








It is here noticed that these relations (3.190) { (3.194) for the quark mixings are apparently
reproduced from Eqs. (3.172) { (3.178) for the case of mQ1 ;mQ2 ;mQ3  mQ by taking
the substitution
hi ! hv=mQi ; fi ! fvS=mQi : (3.195)
Hence, even in this case of mQ1  mQ2  mQ3 , the net eects on the quark mixings
are given as Eqs. (3.179) and (3.180). It is interesting that these quark mixings can be
expressed in term of the ordinary quark masses by using the mass formula (3.189).
Some remarks should nally be presented in order. As for the t and T quarks with
(MU)33 = m
0
T  fvS, the above arguments are still valid to obtain mt  hv and mT 
fvS. This can be understood by modifying the mass matrix in Eq. (3.186) as MU + U =
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~MU + ~U with ( ~MU)33 = (MU)33+(U)33  fvS. In the general quark basis for the seesaw
model, the qQ and 
0
qQ terms do not have the triangular forms (3.184) and (3.185).
Then, the following substitution should be made in the above relations for the quark
mixings,
q ! ~V yqq ; Vq ! ~V yqVq : (3.196)
Here, ~V yqRqQ and 
0
qQ
~VqL become the triangular forms (3.184) and (3.185) by suitably
choosing the unitary transformations ~Vq .
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Chapter 4
Universality of strength for Yukawa
couplings with extra down-type
quark singlets
In this chapter, we investigate the quark masses and mixings by including vector-like
down-type quark singlets in universality of strength for Yukawa couplings (USY). In
contrast with the standard model with USY, the sucient CP violation is obtained for
the Cabibbo-Kobayashi-Maskawa matrix through the mixing between the ordinary quarks
and quark singlets. The top-bottom mass hierarchy mt  mb also appears naturally in
the USY scheme with the down-type quark singlets.
4.1 Introduction
The explanation of the masses and mixings of quarks and leptons is one of the fun-
damental issues in particle physics. Many notable ideas to address this problem have
been investigated, including the universality of strength for Yukawa couplings (USY)
[44, 45, 46, 47, 48, 49, 50]. In the standard model with USY, the nearly democratic quark
mass matrices [51] (see also references therein) are provided, and the quark masses and
the magnitude of the Cabibbo-Kobayashi-Maskawa (CKM) matrix are really reproduced
with the suitable USY phases. However, the USY scheme seems to confront some di-
culties within the context of the standard model. Some reasonable explanation should be
presented for the top-bottom mass hierarchy mt  mb; it is simply attributed to the hier-
archy of the Yukawa couplings between the up and down sectors with one Higgs doublet,
or a large ratio of the vacuum expectation values (VEV's) of two Higgs doublets. More
seriously, it is quite dicult to obtain the sucient CP violation for the CKM matrix in
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the standard model with USY [44, 45, 46, 47, 52], which is essentially due to the fact that
the USY phases are small to provide the quark masses except for the third generation.
In this chapter, we present a new look at the USY scheme by including exotic ingredi-
ents. Specically, we investigate an extension of the standard model with extra down-type
quark singlets [6, 10, 14, 16, 26] (see also references therein). The standard model con-
tains three generations of the ordinary quarks, left-handed doublets qiL = (uiL; diL)
T and
right-handed singlets uiR, diR (i = 1; 2; 3), and a Higgs doublet H. In addition, ND
vector-like down-type quark singlets DaL and DaR (a = 4; : : : ; 3+ND) and a Higgs singlet
S are included [10, 26], which may be accommodated in E6-type models [2, 3, 4]. We
will show that the actual quark masses and CKM matrix are indeed obtained in the USY
scheme with extra down-type quark singlets. In particular, through the d-D mixing the
sucient CP violation for the CKM matrix is provided from some large USY phases of
the Yukawa couplings with the Higgs singlet S. (This mixing mechanism to transmit the
CP violation is considered in Refs. [6, 10, 16].) The top-bottom hierarchy mt  mb also
appears naturally in the USY scheme (or more generally avor democracy) due to the
existence of extra down-type quark singlets but no such up-type quark singlets as in the
27 of E6.
4.2 Quark masses and mixings with extra down-type
quarks in USY
The Yukawa couplings of quarks and Higgs elds with USY are given by


















where J = j; b with Dj  dj and Db  Db. The respective types of Yukawa couplings






aJ . The couplings
DaLDJRS are excluded here for deniteness if S is a complex eld. This is really the case
for the supersymmetric model with a pair of Higgs doublets. The quark mass matrices


















where hH0i = v, hSi = vS (the possible phase is absorbed by DaJ), and  = vS=v. We
investigate the case of u = d = D =  for deniteness, while the result is readily
extended for dierent u, d, D.
We rst consider the up-type quark mass matrix
Mu =Mu(0) + Mu =
0@ 1 1 11 1 1
1 1 1
1A+Mu; (4.3)
where the perturbation part is given as Mu ' iu with the small USY phase matrix
(u)ij = 
u
ij. Henceforth the quark mass terms are presented to be dimensionless measured
in unit of v=3 (' mt=3). The up-type quark mass matrix is relevantly expressed in the
hierarchical basis by making a suitable transformation [44, 45, 46, 47, 48, 49, 50]:
fMu = U yqMuUqIu ' diag(0; 0; 3) + ieuIu; (4.4)
where eu = U yquUq, Uq = U(1)[12]U(p2)[23], Iu = diag( i; i; 1), and \diag" represents
a diagonal matrix. The unitary transformation U()[IJ ] between the I-th and J-th quarks









supplemented with the right dimension, 3 3 for the up sector and (3 +ND) (3 +ND)
for the down sector. We note here that by suitably choosing the phases of qiL's and ujR's,
the USY phases are taken in general as ui3 =  ui1   ui2 and u3j =  u1j   u2j, giving
(eu)i3 = (eu)3j = 0. In this USY phase convention, the pre-factor i for ~u is practically
removed with Iu, and the up-type quark mass matrix in Eq. (4.4) is given as
fMu = VuLdiag(mu;mc;mt)V yuR '
0@ ~u1 ~u2 0~c1 ~c2 0
0 0 3
1A (4.5)
with ~uij = (
eu)ij (u1 = u; u2 = c; u3 = t).
The quark mass hierarchymu  mc  mt for the nearly democraticMu in Eq. (4.3) is
understood in terms of the sequential breakings of the permutation symmetry S3qL among
the left-handed quark doublets [53]:
S3qL ! S2qL ! non: (4.6)
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The democratic and S3qL invariantMu(0) provides the top mass. Then, for the USY phases
in Eq. (4.5) the S2qL invariant terms




charm and up masses, respectively, as
j~cjj  mc  j~ujj  mu (4.7)
with (VuL)12  mu=mc  1 (VuL ' 1).
We next investigate the down sector including two singlet D's, while the essential fea-
tures are valid for ND  2. The USY scheme with only one D is, however, unsatisfactory,
still providing the too small CP violation for the CKM matrix. This is because the USY
phases D4J in 
D with the Higgs singlet S are all eliminated away by rephasing DJR's.
Then, the remaining USY phases should be small to provide the ordinary quark masses
just as in the standard model with USY.
The down-type quark mass matrix is given as
MD =MD(0) + MD: (4.8)
The main part has a quasi-democratic form
MD(0) =
0BBBB@
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
    
    
1CCCCA (4.9)
with  = vS=v. The remaining part MD is provided with the USY phase matrix D,
(D)iJ = diJ and (D)aJ = 
D
aJ . In accordance with Eq. (4.4) for the up sector, the mass
matrix of down sector is transformed as
fMD = U(1)y[45]U yqMDUqU(p3)[34]U(2)[45]ID
=
 fMd e0dDedD fMD
!
; (4.10)
where ID = diag( i; i; i; e i; 1) with  to be xed below in Eq. (4.14). The USY
phase matrix D is transformed in the same way to eDID. This transformation respects




0 0 0 0 0
0 0 0 0 0
0 0 0 0
p
15
0 0 0 0 0





providing four (3+ND 1) zero eigenvalues. Hence, in contrast with the avor democracy
in the standard model, the bottom quark no longer acquires so a heavy mass as the top
quark. This reasonably explains the top-bottom hierarchy mt  mb in the USY scheme.
It is also noticed that one (ND   1) D should obtain a mass from the USY phases as well
as the ordinary d's.
The USY phases in d with the Higgs doublet H are supposed to be small to provide
the ordinary quark masses and mixings. On the other hand, those in D with the Higgs
singlet S may be large to provide the signicant CP violation for the CKMmatrix through
the d-D mixing. It is convenient here to make D5J = 0 by rephasing DJR's. We may also
take for simplicity D4j  D44  0 under the approximate S4DR among D1R { D4R together
with the rephasing of D4L (though not essential for the desired CP violation). That is,
in this convention
jdiJ j; jD4jj; jD44j  1; jD45j  1; D5J = 0: (4.12)









  jjei  exp[iD45]  1 (4.14)
with  = [(jD45j + )=2]Sign[D45]. Then, the masses of the heavy quarks, almost the






The submatrix fMd for the ordinary quarks is given as
fMd = V (0)dL diag(m(0)d ;m(0)s ;m(0)b )V (0)ydR
' e(3)D =






 mdi (d1 = d; d2 = s; d3 = b), where e(3)D is the 3  3 submatrix of eD. (The
pre-factor i is removed for e(3)D with ID.) In accordance with the up sector, the hierarchical
quark masses and mixings may be reproduced in terms of S3qL and S
2
qL in Eq. (4.6) as
j~bjj  mb  j~sjj  ms  j~djj  md: (4.17)
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The left-handed mixing V
(0)
dL in Eq. (4.16) is taken as the pre-CKM matrix (Particle
Data Group convention) with the vanishing complex phase 
(0)
13 ' 0 and the mixing angles

(0)
ij  mdi=mdj (i < j) from Eq. (4.17). Then, by including the d-D mixing eects as seen
below, the CKM matrix with sucient CP violation can be reproduced with reasonable
values of 
(0)
ij , which are adjustable in terms of the USY phases. The right-handed mixing
V
(0)
dR , on the other hand, may be absorbed practically into djR's without physical eects.
The d-D mixing terms in Eq. (4.10) are given as




0@  ie i ~dD1 i~dD2 ie i ~sD1 i~sD2




where ~Dkdj = (
eD)3+k;j and ~diDk = (eD)i;3+k. These d-D mixing terms provide certain




Then, mainly through D1, signicant imaginary parts are provided to Vub and Vtd for the
desired CP violation as









jj   0:003: (4.21)
In total, the left-handed mixing VdL for the ordinary diL's is determined as the 3  3
submatrix of the unitary matrix to diagonalize the entire fMD in Eq. (4.10) [6, 10, 14, 16,
26] (see also references therein). Then, the weak charged current mixing matrix V (CKM
matrix) for the ordinary quarks is given (VuL ' 1) by
V = V yuLVdL: (4.22)
Here, the case of diagonal fMd in Eq. (4.16) (V (0)dL = V (0)dR = 1) may be specically inter-
esting, where the CKM mixing emerges entirely from the d-D mixing in the hierarchical
basis. In this case, Vus, in particular, is estimated as
jVusj ' j(
fMd)12j
jm(0)s + (fMd)22j . jVubj=jVcbjj cos j ; (4.23)
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where the relations,
jm(0)s + (fMd)22j  jIm[(fMd)22]j;
j~dD1 j=j~sD1 j ' j(fMd)1jj=j(fMd)2jj ' jVubj=jVcbj;
are considered.
The d-D mixing also induces small corrections to the weak neutral currents, which are
related to the unitarity violation of VdL [6, 10, 14, 16, 26] (see also references therein). We
estimate, in particular,
j(V ydLVdL)33   1j ' j(VdLV ydL)33   1j
' j(e0dD)35(=5)j2=m2D1 + j(e0dD)35j2=m2D2
' 3=2;
where the correction to (e0dD)34 through the D1R-D2R mixing ' j=5j is included. Then,
in order to suppress the correction to Rb for Z ! bb to be less than 0.1 %,
 = vS=v & 50 (4.24)
is required, implying mD1 & 1TeV with jj & 0:5. This hierarchy of the VEV's may be
realized naturally in some supersymmetric model with an extra gauge symmetry ( E6)
spontaneously broken by hSi = vS. The quark singlet with mD1  1TeV may provide a
sizable contribution to the neutron electric dipole moment, while the eect on 0= will be
small enough [6, 10, 16].
4.3 Numerical result for the CKM matrix
A numerical result is obtained for the CKM matrix with the CP violation angles as
jV j =
0@ 0:9743 0:2253 0:00350:2252 0:9735 0:0410
0:0088 0:0403 0:9986
1A ;
 = 87:1;  = 21:5;  = 71:5;
and the rephasing invariant CP violation measure J = 2:99  10 5. The USY phases
are taken suitably with  = 50; uij = 3[Uqdiag(mu=mt;mc=mt; 0)U
y
q ]ij for fMu (eu)








i1 = 0 for fMd (e(3)D ) in Eq.
62












Figure 4.1: The CP violation angles  and  of the CKM matrix versus the USY phase D45












b =mb) = (1:026; 2:482; 1:008);
di5 = (Uq)ij
~djD with (
~dD; ~sD; ~bD) = ( 0:01; 0:118; 0) for e0dD; (D41; D42; D43; D44; D45)
= (0; 0; 0:0386; 0:0116; 0:840) with D5J = 0 for edD and fMD. The quark masses are
obtained as
mu = 3MeV;mc = 1:25GeV;mt = 173GeV;
md = 5MeV;ms = 100MeV;mb = 4:25GeV;
mD1 = 1:50TeV;mD2 = 9:00TeV
with mD1=mD2 ' jj=5 (jj = 0:82). The result of a USY phase space scan is also shown
in Fig. 4.1 for the CP violation angles  (lower) and  (upper) versus the USY phase
D45. The USY phase values are taken as in the above example. In particular,
~dD is taken
typically as  0:003 (right),  0:01 (left),  0:02 (middle) with ~bD = 0, by considering









42 = 0) and m
(0)
s =ms are adjusted for jVusj = 0:225, jVcbj =
0:041 and jVubj = 0:0035. (The small ~bD may be eliminated by rephasing D5R, which
is almost compensated with a slight shift of D45 by
~bD=
p
3  some degree.) We have
found suitable USY phase values to reproduce the quark masses and CKM matrix with
 ' 21   24 and  ' 40   90. This range of  is really reproduced by the Particle
Data Group convention with  ' 13 and jVusj, jVcbj, jVubj for 12, 23, 13. (Solutions
are not found for  . 40 or & 90 with our computation algorithm.) As seen in Fig.
4.1, D45 takes the maximal value
D45 for given
~dD, providing  = . (We have evaluated
 ' 66   71 and D45 ' 53   62 for  0:03  ~dD   0:002.) This corresponds to
the condition m
(0)
s + Re[(fMd)22] = 0 in Eq. (4.23), specifying  '     = (   D45)=2,
as veried by calculating VdL roughly with Eq. (4.20). The mass of the lighter quark
singlet is estimated as mD1  1:5TeV(=50) for D45  50. These results are valid for the
experimentally determined range of jVusj, jVcbj, jVubj.
4.4 Discussion and conclusion
The USY structure may be realized just above the electroweak scale as in some large extra
dimension models [54, 55]. On the other hand, if it is given at a very high unication
scale, the robustness under renormalization group should be considered. We note that
64
the Yukawa couplings have the specic structures in the hierarchical basis as
eu = 
3
0@ 0 0 00 0 0
0 0 3
1A ; eD = 
3
0BBBB@
0 0 0 0 0
0 0 0 0 0
0 0 0 0
p
15
0 0 0  
0 0 0  p10 + 
1CCCCA :
Here, \" denotes the dominant terms with the large USY phases for mD's and the CP
violation, while \0" the perturbation ones with the small USY phases for the ordinary
quark masses, except for mt, and mixings. By setting the small USY phases to be zero,
chiral symmetries U(2)qLU(2)uRU(3)dR really appear. In particular, U(2)qL may break
as U(2)qL ! U(1)q1L ! non in accordance with Eq. (4.6). By virtue of these approximate
symmetries the above USY structure is almost maintained under the renormalization
group evolution. Then, by including the renormalization group corrections, the suitable
USY phase values will be found at the unication scale in some reasonable range to
reproduce the quark masses and CKM matrix with sucient CP violation, as investigated
so far.
In conclusion, we have investigated the quark masses and mixings in the USY scheme
by including vector-like down-type quark singlets. In contrast with the standard model
with USY, the sucient CP violation is obtained for the CKM matrix through the mixing
between the ordinary down-type quarks and quark singlets. Two or more quark singlets
are needed to have the relevant large USY phases for the desired CP violation. These
quark singlets may have masses  TeV, to be discovered in the future collider experiments
[56]. We have shown that with rather exible choices of the USY phase values the actual
quark masses and CKM matrix are really reproduced. Then, it is interesting for further
investigations to invoke some textures and avor symmetries for the USY phases so as to
derive some predictive relations among the quark masses and mixings. The top-bottom
hierarchy mt  mb also appears naturally in the USY scheme in the presence of extra
down-type quark singlets but no extra up-type quark singlets. Furthermore, in the USY
scheme (or more generally avor democracy), the fermion mass hierarchy may be extended
as mt  mb  m if vector-like lepton doublets are also present. In E6-type models,





singlet quarks and their implications
for the LHC
In this chapter, we investigate the avor-changing interactions in an extension of the
standard model with singlet quarks and singlet Higgs, which are induced by the mixing
between the ordinary quarks and the singlet quarks (q-Q mixing). We consider the eects
of the gauge and scalar interactions in the F = 2 mixings of K0, Bd, Bs and D
0
mesons to show the currently allowed range of the q-Q mixing. Then, we investigate the
new physics around the electroweak scale to the TeV scale, which is accessible to the
Large Hadron Collider. Especially, the scalar coupling mediated by the singlet Higgs may
provide distinct signatures for the decays of the singlet quarks and Higgs particles, which
should be compared with the conventionally expected ones via the gauge and standard
Higgs couplings. Observations of the singlet quarks and Higgs particles will present us
important insights on the q-Q mixing and Higgs mixing.
5.1 Introduction
As the standard model has been established in current experiments, the appearance of new
physics now attracts growing interests especially in the light of the Large Hadron Collider
(LHC). So far various extensions of the standard model with their own motivations have
been investigated for new physics, including exotic fermions, extra Higgs elds, extended
gauge interactions, supersymmetry, and so on. The new physics might already provide
some signicant eects in the low-energy particle phenomena such as avor-changing
processes. It is now expected seriously that the new physics will reveal itself in the LHC
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experiments.
Among many intriguing extensions of the standard model, we here investigate the
new physics provided by isosinglet quarks, which are suggested in certain models such as
E6-type unication [2, 3, 4]. Specically, there are two types of singlet quarks, U with
electric charge Qem = 2=3 and D with Qem =  1=3, which may mix with the ordinary
quarks. It is also reasonable to incorporate a singlet Higgs eld S, which provides the
singlet quark masses and the q-Q mixing between the ordinary quarks (q = u; d) and the
singlet quarks (Q = U;D). In this sort of model various novel features arise through the
q-Q mixing [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 19, 20, 21, 23, 24, 25, 26, 27, 38, 57,
58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74]. The unitarity of Cabibbo-
Kobayashi-Maskawa (CKM) matrix within the ordinary quark sector is violated, and the
avor-changing neutral currents (FCNC's) appear at the tree-level. These avor-changing
interactions are described appropriately in terms of the q-Q mixing parameters and quark
masses [5, 6, 7, 8, 9, 23, 26]. Then, the actual CKM mixing is reproduced up to the
small unitarity violation provided the FCNC's are suppressed suciently with the small
q-Q mixing. In this respect the presence of singlet quarks may introduce an interesting
extension of the notion of natural avor conservation [29, 30, 75, 76]. Furthermore, the
new CP -violating phases in q-Q mixing may provide signicant contributions especially
in the B meson physics [5, 6, 7, 8, 10, 11, 13, 14, 16, 24, 25, 38, 60, 63, 64, 65, 66, 67, 68,
69, 70, 71, 72, 73, 74].
It is also expected in cosmology that the singlet quarks and singlet Higgs eld may
play important roles in the early universe. Specically, in the rst-order electroweak phase
transition the CP -violating q-Q mixing via the coupling with the complex singlet Higgs
S can be ecient to produce the chiral charge uxes through the bubble wall for the
baryogenesis [41, 42, 43]. Furthermore, the presence of singlet Higgs eld is preferable for
realizing the strong enough rst-order electroweak phase transition.
As mentioned in the above, the singlet quarks and singlet Higgs bring various intriguing
features in particle physics and cosmology. It is hence worth considering their phenomeno-
logical implications toward the discovery of them at the LHC [77, 78, 79, 80, 81, 82, 83].
In this chapter we investigate the avor-changing interactions in the presence of singlet
quarks and singlet Higgs. The eects of the gauge interactions have been investigated
extensively in the literature [5, 6, 7, 8, 9, 11, 12, 13, 14, 15, 16, 17, 19, 20, 21, 57, 58, 59,
60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74]. Here, we rather note that the
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scalar interactions mediated by the singlet Higgs may provide signicant eects in some
cases [10, 17, 24, 25, 26, 38, 61, 62], which has not been considered thoroughly so far in
the models with singlet quarks.
The rest of this chapter is organized as follows. In Sec. 5.2 we describe a representative
model with singlet quarks and one complex singlet Higgs eld, and review the essential
features on the quark mixings and avor-changing interactions. In Sec. 5.3 we consider
the eects of the avor-changing interactions in the F = 2 mixings ofK0, Bd, Bs and D
0
mesons to show the currently allowed range of the q-Q mixing. In Sec. 5.4 we investigate
the decays of the singlet quarks and Higgs particles, which may provide distinct signatures
upon their productions at the LHC. Sec. 5.5 is devoted to summary. In Appendix B a
detailed derivation is presented for the suitable relations among the gauge and scalar
couplings.
5.2 Quark mixings and avor-changing interactions
We rst review the the essential features on the quark mixings and avor-changing inter-
actions including the singlet quarks and singlet Higgs, which are described appropriately
in terms of the q-Q mixing parameters and quark masses (see Chapter 3 and Ref. [26]
for the detailed description). We consider a representative electroweak model based on
the gauge symmetry SU(3)C  SU(2)W  U(1)Y , where singlet quarks U and D together
with one complex singlet Higgs eld S are incorporated. The generic Yukawa couplings
are given by
LY =   uc0u	q0H   U c0hu	q0H
  uc0(fUS + f 0USy)U0   U c0(US + 0USy)U0
  dc0dV y0	q0 ~H  Dc0hdV y0	q0 ~H
  dc0(fDS + f 0DSy)D0  Dc0(DS + 0DSy)D0
+H:c: (5.1)
in terms of the two-component Weyl elds for the electroweak eigenstates with subscript
\0". (The generation indices and Lorentz factors are omitted here for simplicity.) The















with ~H  i2H . The Higgs elds develop vacuum expectation values (VEV's),
hH0i = v=
p
2; hSi = vS=
p
2; (5.4)
where v = (
p
2GF )
 1=2 = 246GeV, and vS  100GeV   1TeV is assumed. The possible
complex phase S of hSi is not presented explicitly for simplicity of notation, which may
be eectively included in the Yukawa couplings and the Higgs potential terms at the tree
level.
5.2.1 Quark masses and mixings























f+Q  fQ + f 0Q; f Q  i(fQ   f 0Q); (5.8)
+Q  Q + 0Q;  Q  i(Q   0Q): (5.9)
Henceforth Q = (q;Q) collectively, and NQ denotes the number of singlet quarks. The
quark mass matrix MQ is diagonalized by unitary transformations VQL and VQR as






where Mq = diag(mq1 ;mq2 ;mq3), MQ = diag(mQ1 ; : : :), and (q1; q2; q3) = (u; c; t) or




















( = L;R); (5.12)
where q and 
0
q represent the q-Q mixing.
The quark mass matrix MQ may be reduced to a specic form with either 0qQ = 0
or qQ = 0 by a unitary transformation of the right-handed quarks. Then, the Yukawa
coupling q is diagonalized by unitary transformations of the ordinary quarks as
q = diag(q1 ; q2 ; q3); (5.13)
while the condition 0qQ = 0 or qQ = 0 is maintained. These transformations to specify
the form of MQ do not mix the electroweak doublets with the singlets, respecting the
SU(3)C  SU(2)W U(1)Y . Hence, without loss of generality we may start with either of
these bases, as seen in Chapter 3,
basis (a) : 0qQ = 0;basis (b) : qQ = 0:




Q and the mixing matrix V0 are redened according
to the transformations to specify the quark basis. In particular, hq = 0 solely in the basis
(a). On the other hand, in the basis (b) a specic relation f 0Q =  fQ (f+Q = 0) holds
apparently though no tuning is imposed among the couplings in the original basis.
The q-Q mixings are given specically in the basis (a) as
(qL)ia  (0qL)ia  (mqi=mQ)fi ; (5.14)
(qR)ia  (0qR)ia  fi (5.15)
in terms of the q-Q mixing parameters from the f+Q coupling,
fi = (vS=mQ)j(f+Q )iaj=
p
2 = j(qQ)iaj=mQ; (5.16)
where mQ = mQa  (j(f+Q )iaj + j(+Q)abj)vS, and the bar denotes the mean value. The
left-handed q-Q mixing is suppressed signicantly by the q=Q mass ratios mqi=mQ [5, 6,
7, 8, 9, 23, 26]. On the other hand, in the basis (b)
(qL)ia  (0qL)ia  hi ; (5.17)
(qR)ia  (0qR)ia  (mqi=mQ)hi (5.18)
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in terms of the q-Q mixing parameters from the hq coupling,
hi = (v=mQ)j(hq)aij=
p
2 = j(0qQ)aij=mQ: (5.19)
The left-handed q-Q mixing is no longer suppressed by the q=Q mass ratios.
We may move from the basis (a) with 0qQ = 0 to the basis (b) with qQ = 0 by
using a unitary transformation. Here, the left-handed q-Q mixings in the bases (a) and
(b) are related as hi  (mqi=mQ)fi so that Eq. (5.14) is apparently reproduced from Eq.
(5.17). Hence, the basis (a) may be regarded as a special case of the basis (b) [26]. If
jfQj + jf 0Qj & jQj + j0Qj providing fi  1 in the basis (a), then it is suitable to adopt
the basis (b) alternatively. The see-saw basis with Mq = 0 is also possible for NQ = 3
[31, 32, 33, 34]. Since it is related to the bases (a) and (b) having a hybrid feature
for the quark mixing [26], we do not consider explicitly the see-saw model. We adopt





with ci  1 depending on the small q-Q mixing [5, 6, 7, 8, 9, 23, 26]. In the general basis
with qQ 6= 0 and 0qQ 6= 0, e.g., the see-saw model, the ordinary quark mass hierarchy
is not described clearly in terms of the Yukawa couplings qi .
5.2.2 Flavor-changing interactions
The CKM matrix V for the W -boson coupling with the ordinary quarks is given by
V = V yuLV0VdL ; (5.21)
where VuL and VdL are the 3  3 submatrices in Eq. (5.12). The unitarity violation of






, which should be
suppressed enough phenomenologically [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 19, 20,
21, 23, 24, 25, 26, 27, 38, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74].
Then, the realistic CKM matrix V is reproduced by taking suitably the original V0.
The modication of the left-handed Z-boson coupling with the ordinary quarks is also
given at the second order of q-Q mixing [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 19, 20,
21, 23, 24, 25, 26, 27, 38, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74]
as
ZQ[qyq] =  0qL0yqL ; (5.22)
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where the Z-boson coupling is presented by removing the isospin factor I3(q0) with
I3(u0) = 1=2 and I3(d0) =  1=2 for simplicity of notation. The right-handed coupling is,
on the other hand, unchanged as ZQc = 0 for I3(qc0) = I3(Qc0) = 0. Specically, in the
basis (a) we have
ZQ[qyq]ij(a)  (mqi=mQ)(mqj=mQ)fi fj : (5.23)
This correction as well as the CKM unitarity violation are suppressed substantially by
the second order of q=Q mass ratios. Alternatively, in the basis (b) we have
ZQ[qyq]ij(b)  hi hj ; (5.24)
which is no longer suppressed by the q=Q mass ratios. Then, signicant constraints
are placed phenomenologically on the q-Q mixings hi  1, which have been investigated
extensively in the literature [11, 12, 13, 14, 15, 16, 17, 19, 20, 21, 60, 61, 62, 63, 64, 65, 66].


























The real neutral scalar elds, 01 = H 
p
2Re(H0   hH0i), 02 = S+ 
p
2Re(S   hSi),
03 = S  
p
2Im(S   hSi), mix generally to form the mass eigenstates r (r = 1; 2; 3)










cq] of these neutral scalar couplings for the ordinary quarks are
given by
HQ [q




cq] =  V yqRfQ 0yqL + 0qRQ0yqL : (5.30)
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Here, some close relations hold for the gauge and scalar couplings (see the Appendix B
for derivation). The coupling of the standard Higgs H is given actually as
HQ [q
cq]ij = (mqi=v)(ij +ZQ[qyq]ij) (5.31)
with the q-Q mixing induced Z-boson coupling ZQ[qyq] in Eq. (5.22). Similarly, the




cq]ij =  (mqi=vS)ZQ[qyq]ij: (5.32)





sub-leading compared with those for the Z-boson coupling ZQ[qyq], which is due to the
suppression by mqi=v from the chirality ip. It is rather remarkable that the coupling of
the singlet Higgs S  may be dominant without a close relation to the Z-boson coupling.




cq]ij(a)  (mqj=vS)fi fj ; (5.33)
where (0yqL)aj  (mqj=mQ)fj , (0qR)ia  fi , ( Q)ab  (mQ=vS) and (f Q )ia  (mQ=vS)fi are




cq] in Eq. (5.33) is suppressed only by the rst order of ordinary





cq]ij(b)  (mQ=vS)fi hj ; (5.34)
up to the sub-leading contribution of the second term  (mqi=vS)hi hj in Eq. (5.30).
Here, similar to Eq. (5.16), the q-Q mixing parameters are introduced for convenience as
fi = (vS=mQ)j2(fQ)iaj=
p
2 even though f+Q = 0 (f
 
Q = 2ifQ with fQ =  f 0Q) for qQ = 0
in the basis (b). It should also be noted, as discussed previously, that by considering the
relation for the left-handed q-Q mixing,
hi  (mqi=mQ)fi ; (5.35)
Eqs. (5.24) and (5.34) in the basis (b) reproduce Eqs. (5.23) and (5.33) in the basis (a),
respectively.
We mention for completeness that in the case of one real S (or one supersymmetric S)
with the fQ and Q couplings (f
0
Q  0 and 0Q  0), the scalar coupling SQ[qcq] is given
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by Eq. (5.32) for 
S+
Q [q
cq] related to the Z-boson coupling ZQ[qyq]. On the other hand,
if the bare mass term MQ is adopted instead of the Q coupling while the fQ coupling
provides the q-Q mixing, the scalar coupling SQ[q




cq] even in the case of one real S.
5.3 Singlet quark Eects in F = 2mixings of neutral
mesons
We perform a detailed analysis on the q-Q mixing eects in the F = 2 mixings of
K0, Bd, Bs and D
0 mesons, by considering the general bounds for new physics which
are presented in Ref. [84]. The Z-mediated FCNC's in ZQ[qyq] have been investigated
extensively in the literature [5, 6, 7, 8, 9, 11, 12, 13, 14, 15, 16, 17, 19, 20, 21, 57, 58,
59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74]. By placing experimental
constraints on the left-handed q-Q mixings (qL)ia  (0qL)ia  hi in the basis (b), these
analyses have discussed the possibility of new physics provided by the singlet quarks, in




cq] may dominate over the Z-mediated FCNC's in ZQ[qyq], providing
distinct signals for new physics [10, 17, 24, 25, 26, 38, 61, 62]. This intriguing possibility
has not been paid so much attention so far in the models with singlet quarks.
The eective Hamiltonian contributing to the F = 2 mixing of the neutral meson
M (K0; Bd; Bs; D







~CkM ~Oqiqjk ; (5.36)
where
qiqj = sd(K
0); bd(Bd); bs(Bs); cu(D
0): (5.37)
The four-quark operators are
Oqiqj1 = qjLqiLqjLqiL;Oqiqj2 = qjRqiLqjRqiL;
Oqiqj3 = qjRqiLqjRqiL;Oqiqj4 = qjRqiLqjLqiR;
Oqiqj5 = qjRqiLqjLqiR;
and  and  denote the colors. The operators ~Oqiqj1;2;3 are obtained from the operators
Oqiqj1;2;3 by the exchange L $ R. The coecients in the eective Hamiltonian at the scale
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 = mQ of singlet quarks are calculated as

























cq] are considered, and the scalar mixing in O is neglected for simplicity.
By requiring that these coecients in Eqs. (5.38) { (5.41) are all within the bounds
presented specically in Table 4 of Ref. [84], we nd the allowed range of the q-Q mixing
depending on the masses mQ;mS   vS of the singlet quarks Q and singlet Higgs S .
The constraints on the q-Q mixing are given roughly below, where mD = mU = vS =
500GeV and mS  = 0:6vS = 300GeV are taken typically to estimate the FCNC's with
Eqs. (5.23), (5.24), (5.33) and (5.34) in terms of the q-Q mixing parameters fi and 
h
i . In




cd] for C2M ,
~C2M and C
4
M (M = K


























2 . 0:5 (jBsj):
(5.42)
Here, the eective CP -violating phases in the FCNC's contributing to the K0- K0 mixing
are denoted collectively by 12. No signicant constraints are, on the other hand, placed
by the Z-boson coupling ZD[dyd] which is substantially suppressed by the second order
of d/D mass ratios in Eq. (5.23). Alternatively, in the basis (b) constraints on the d-D



































































2 . 0:09 (jBsj):
(5.44)
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Here, the constraints for the basis (a) in Eq. (5.42) are reproduced roughly from those
for the basis (b) in Eq. (5.43) under the relation in Eq. (5.35). Constraints on the u-U
mixing are estimated in the bases (a) and (b) as

S 






2 . 0:2 (jD0j); (5.45)

S 










2 . 8 10 3 (jD0j); (5.46)
ZU(b) : (h1h2)
1
2 . 0:01 (jD0j): (5.47)
Here, we comment on the contributions of the one-loop diagrams involving the singlet
quarks and gauge bosons, which are enhanced by the factor (mQ=mW )
2g2=(4)2 compared
with the tree-diagram contributions considered so far. They may dominate over the tree-
diagram contributions for mQ > 1TeV, though we are mainly interested in the singlet
quarks below 1TeV in this analysis. The allowed range of the q-Q mixing will hence
be reduced slightly for mQ  1TeV. However, for a larger mQ  10TeV, the loop




2 / 1=m2Q with hi / 1=mQ in Eq. (5.19). In
such a case of mQ  10TeV, the gauge-mediated q-Q mixing eects to the F = 2 meson
mixings are anyway below the current experimental bounds since the q-Q mixing becomes
signicantly small as hi < 0:02 for j(hq)aij < 1 in Eq. (5.19).
In supplement to the above constraints on the q-Qmixing parameters from the FCNC's,
it is also relevant to consider the constraints from the avor-diagonal Z-boson couplings
[9, 12, 14]. The observed branching ratios of the decays Z ! qiqi imply that the devia-
tions of the avor-diagonal Z-boson couplings from the standard model values should be
small enough. Specically, in the basis (b) with Eq. (5.24) constraints on the q-Q mixing
may be placed roughly as
ZQ(b) : hi . 0:03 jZQ[qyq]iij . 10 3: (5.48)
On the other hand, in the basis (a) ZQ[qyq]ii of Eq. (5.23) is safely suppressed by
(mqi=mQ)
2 except for qi = t.
To be more quantitative, we present the results of detailed numerical calculations for
the d-D mixing eects in the down-type quark sector with one singlet D quark (ND = 1
and NU = 0) as a typical case. We take various values for the model parameters in a
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reasonable range as







jDj; j0Dj 2 [0:3; 1:0]  mD=vS;
(v=vS)j(hd)ij=j+Dj 2 [0; 0:05]  hi ;





D] 2 [ 0:3; 0:3]:
Here, the VEV vS of the singlet Higgs S is xed to a typical value for deniteness. The




D contribute to the CP violation
in the FCNC's such as 12 for K of the K
0- K0 mixing. The total quark mass matrixMD
(4 4 for ND = 1) in Eq. (5.5) is given for a set of values of the model parameters. This




ordinary quark masses. Then, by considering the ratios m
(0)
di
=mdi  1 we adjust di to
obtain the actual quark masses mdi :
di ! md = 5MeV; ms = 110MeV; mb = 4:2GeV:
The singlet quark mass mD is obtained for the above range of the model parameters as
mD  100GeV   1TeV(vS = 500GeV):
At the same time, the unitary transformations VDL and VDR to specify the quark mass
eigenstates are calculated. The actual CKM matrix V is reproduced by adjusting the
original unitary matrix V0 as V0 = V V
 1
dL
' V V ydL (VuL = 1 for NU = 0):
V0 ! V (CKM):
As long as the q-Q mixing is small enough to satisfy the constraints from the F = 2
meson mixings, the unitarity violation of the CKM matrix is safely suppressed.
By using these results on the quark masses and q-Q mixings, we evaluate the couplings
of the quarks with the gauge bosons and Higgs particles. Then, the contributions of
the d-D mixing induced FCNC's to the eective Hamiltonian HF=2e for the K0, Bd
and Bs mixings are evaluated with Eqs. (5.38) { (5.41). They are compared with the
experimental bounds presented in Table 4 of Ref. [84] to nd the allowed range of the
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d-D mixing parameters fi and 
h
i . In this analysis, the masses of the Higgs particles are
taken typically as
mH = 120GeV; mS+ = mS  = 300GeV: (5.49)
Note here that the contributions of the S  coupling in Eqs. (5.39) { (5.41) are proportional
to 1=m2S  . Hence, as mS  is larger, the allowed range of the q-Q mixing parameters is
extended further.
We have made the above calculations for many samples of the model parameter values.
We show some characteristic results in the following. The portions of the d-D mixing
eects in the F = 2 meson mixings for the experimental bounds jCkM jmax [84] are
denoted by
rk(M)  jCkM j=jCkM jmax: (5.50)
In Fig. 5.1 scatter plots of r2(Bd) () and r2(Bs) (N) versus (f1f3)1=2 are shown for




cd] in the basis (a). Similar plots of r2(Bs) (N) and r2(Bd) () versus (f2f3)1=2
are shown in Fig. 5.2. The bounds for the K0- K0 mixing have been checked to be
satised in these plots. The results in Figs. 5.1 and 5.2 are in accordance with the rough




cd] of Eq. (5.33) are estimated in Eq. (5.39) as jC2Bdj  (mb=vS)2(f1f3)2=m2S  and
jC2Bs j  (mb=vS)2(f2f3)2=m2S  . In the log-log plot of Fig. 5.1, r2(Bd) () shows roughly the














2 . Precisely, in the basis (a) the d-D mixing parameters fi are dened with the
f+D coupling, while the singlet S  coupling 
S 
D is given by the f
 
D coupling (jf+D j  jf D j






















2 are really constrained for r2(Bd)  1 and r2(Bs)  1, respectively, as shown in
Eq. (5.42). We note particularly that both the bounds for the Bd- Bd and Bs- Bs mixings
may be saturated simultaneously with f3  1 and (f1f2)
1
2  0:1 without conicting with
the bonds for the K0- K0 mixing. Generally, in the basis (a) the right-handed d-D mixing
is rather tolerable with fi  0:1  1. This is because the right-handed components of the



















































1=2, similarly to Fig. 5.1.
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In Fig. 5.3 scatter plots of r1(Bd) () and r2(Bd) () versus (h1h3)1=2 are shown for the




cd], respectively, in the basis (b). Similar plots of r1(Bs) (M) and r2(Bs)
(N) versus (h2h3)1=2 are shown in Fig. 5.4 for the Bs- Bs mixing. The bounds for the
K0- K0 mixing have been checked to be satised in these plots. The avor-diagonal Z-
boson couplings have also been checked to satisfy jZQ[qyq]iij < 3 10 3, as considered
in Eq. (5.48). The eects of the Z-boson coupling ZQ[qyq] of Eq. (5.24) are estimated
in Eq. (5.38) for the basis (b) as jC1Bd j  (h1h3)2
p
2GF and jC1Bs j  (h2h3)2
p
2GF . In
the log-log plot of Fig. 5.3, r1(Bd) () shows clearly the linear correlation with (h1h3)
1
2
[here more precisely (qL)i ' (0qL)i ' hi for the left-handed q-Q mixing]. This is also
the case in Fig. 5.4 for r1(Bs) (M) versus (h2h3)
1
2 . The d-D mixing with h1  0:03
and h3  0:03 may saturate the bound for the Bd- Bd mixing via the Z-boson coupling,
r1(Bd)  jC1Bd j=jC1Bd jmax  1, as seen in Fig. 5.3, which also provides signicant eects
 0:1% on the avor-diagonal Z-boson couplings in Eq. (5.48). On the other hand, as
long as hi . 0:03, the d-D mixing eect C1Bs via the Z-boson coupling is fairly below the
bound for the Bs- Bs mixing, r1(Bs)  jC1Bs j=jC1Bs jmax < 0:1, as seen in Fig. 5.4. It should
be noted here that as seen in Figs. 5.3 and 5.4, the contributions C2Bd () and C2Bs (N) via
the singlet S  coupling 
S 
D [d
cd] of Eq. (5.34) may dominate over the Z-boson coupling
eects in the parameter region of fi > 
h
i , where the bounds in Eq. (5.43) are applicable.
In particular, the case of fi  hi is connected gradually to a suitable parameter region
in the basis (a).
In short, remarkable eects may be provided particularly for the B mesons through the
signicant mixing between the b quark and the singlet D quark with f3  1 or h3  0:03,
as seen in the above. They are fairly expected to serve as new physics for the avor-
changing processes and CP -violation in the B meson physics [5, 6, 7, 8, 10, 11, 13, 14,
16, 24, 25, 38, 60, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 85, 86]. Specically, it is
well known that there is tension between the experimental constraints and the standard
model contribution to the b! s process, and hence this process should not be used as a
constraint at present. The recent constraint by HFAG [87] is given as the average of the
data of BABAR, Belle, and CLEO, Br(b! s) = (352 23 9) 10 6, while the recent
predictions of the standard model contribution are given as Br(b! s) = (31523)10 6
[88] and Br(b ! s) = (298  26)  10 6 [89]. Even though this discrepancy is small, it
























1=2 for the Bd- Bd mixing, which are provided by the Z coupling ZD[dyd]
and the S  coupling 
S 
D [d























1=2 for the Bs- Bs mixing, similarly to Fig. 5.3.
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solution of the discrepancy.
5.4 Decays of singlet quarks and Higgs particles
We now investigate the decays of the singlet quarks and Higgs particles, which will provide
distinct signatures upon their productions at the LHC. The avor-changing interactions
between the singlet quarks Q and the ordinary quarks q are relevant for these decays at
the tree level. Specically, the left-handed Z-boson couplings are given as
ZQ[qyQ]ia = ZQ[Qyq]ai = (V yqLqL)ia ' (qL)ia; (5.51)
while the right-handed ones are absent. Note here that ZQ[qyQ] = ZQ[qyQ], as shown
in Eq. (5.90); the q-Q transitions in the Z-boson couplings are just induced as the q-Q
mixing eect. The left-handed W -boson couplings are given in terms of the Z-boson
couplings and the CKM matrix in a good approximation up to the second order of the
small q-Q mixing as
V [uyD]ia = V [Dyu]ai
' (V ZD[dyD])ia; (5.52)
V [dyU ]ia = V [U yd]ai
' (V yZU [uyU ])ia; (5.53)
while the right-handed ones are absent. The neutral scalar couplings are given as
HQ [q
cQ]ia = (mqi=v)ZQ[qyQ]ia; (5.54)
HQ [Q


































r, respectively, in terms
of the Dirac elds. The relations among the gauge and scalar couplings in Eqs. (5.51) {
(5.57) are derived in the Appendix B.
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5.4.1 Singlet quark decays
We rst investigate the singlet quark decays. We describe the essential features by con-
sidering the case of one down-type singlet quark D (a = 1 is omitted for ND = 1 and
NU = 0). Similar results are obtained in the general cases of some D and U quarks,
especially for the lightest singlet quark. While the heavier singlet quarks may decay
dominantly into the lighter singlet quarks and Higgs particles in the general cases, we
concentrate on the decays of the lightest singlet quark producing the ordinary quarks.
The partial widths of the relevant decay modes are calculated (when they are kine-
matically allowed) as




g(xW ; xui)jV [uyD]ij2; (5.60)




(1  3x4Z + 2x6Z)jZD[dyD]ij2; (5.61)
 (D ! diH) = mD
16
(1  x2H)2(jHD [Dcd]ij2 + jHD [dcD]ij2); (5.62)
 (D ! diS) = mD
16
(1  x2S)2(jSD [Dcd]ij2 + jSD [dcD]ij2); (5.63)
where xW = mW=mD, xZ = mZ=mD, xH = mH=mD, xS = mS=mD, xui = mui=mD,
and
g(x; y) = [1  (x+ y)2]1=2[1  (x  y)2]1=2[x2(1  2x2 + y2) + (1  y2)2]: (5.64)
The scalar mixing is neglected (O = 1) for a while. The kinematic eects of mdi=mD .
0:02 for mD & 200GeV may be neglected in a good approximation, while  (D ! tW )
depends sensibly on mt=mD.
The avor-structure of the d-D mixing is measured manifestly in the D decays into
the ordinary quarks di = d; s; b and the Z boson as
 (D ! diZ) / j(dL)ij2; (5.65)
where ZD[dyD]i ' (dL)i for the Z-boson coupling. The partial width of the D quark












where (dL)i  hi with jhj  [(h1)2+(h2)2+(h3)2]1=2 in the basis (b), and hi ! (mdi=mD)fi
for (dL)i in the basis (a). By considering Eqs. (5.51), (5.52), (5.54) and (5.55) with
jHD [dcD]ij2=jHD [Dcd]ij2 = (mdi=mD)2  1, we nd the well-known relations [77, 78]
 (D ! uiW )  2 (D ! diZ); (5.67)









 (D ! diH)   D(Z); (5.70)
whereO = 1. The actual values of these widths are evaluated depending on the kinematic
factors and the CKM mixing.
In the present model with the complex singlet Higgs, the decays of the singlet quark
D producing the singlet Higgs scalars S are possible for mD > mS +mdi . Especially,
it is remarkable that the decays with S  may dominate over the other decay modes. By
considering (f D )i  (0dR)i D  (mD=vS)fi and  D(0ydL)i  (mD=vS)hi in Eqs. (5.58) and








cd]i  (mD=vS)hi : (5.72)
Here, for the sake of convenience we adopt hi = (mdi=mD)
f
i in the basis (a) though




2 in the basis (b) though f+Q = 0, as discussed











2 jf j2 + jhj2
(0:03)2
; (5.73)
where jf j  [(f1)2 + (f2)2 + (f3)2]1=2. (The actual value is reduced to some extent by
the kinematic factor for mD  mS  .) This width  D(S ) for the decays into the singlet
scalar S  dominates over the reference width  D(Z) for the decays into the Z boson in
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Eq. (5.66) for jf j2  jhj2, especially in the basis (a) with hi ! (mdi=mD)fi . As for the




 (D ! diS+)  (v=vS)2 D(Z); (5.74)
which amounts to O(10%) of  D(Z) for vS  500GeV. Even this slight enhancement due
to  D(S+) for the D decays into the scalars H and S+ might serve as an experimental
signature for the singlet Higgs even if S  is absent in the model with one real S  S+.
Here, it should be noted that the S  coupling may even provide signicant contribu-
tions to the decays D ! diH through the H-S  mixing HS  in O. In fact, the d-D
coupling with the standard Higgs H (more precisely the mass eigenstate 1 ' H with
HS   1) is replaced in Eq. (5.62) as
HD ! HD + HS S D : (5.75)
Then, instead of Eq. (5.70) we obtain
 D(H)   D(Z) + 2HS  D(S ); (5.76)
where the interference term between HD and 
S 
D is omitted for simplicity. This enhance-
ment of  D(H) with HS 
S 
D in Eq. (5.75) is valid even when the decays D ! diS 
are forbidden kinematically for mD < mS  +mdi . In the presence of a small but sizable
H-S  mixing HS   0:01  0:1 the singlet quark decays D ! diH may become the dom-
inant modes, particularly in the basis (a) due to the substantial suppression of D ! diZ
with jZD[dyD]ij2  (mdi=mD)2(fi )2 . 10 4. Hence, if  D(H)   D(Z) is conrmed
experimentally, which is contrary to the usual expectation of Eq. (5.70), it will provide a
distinct evidence for the complex singlet Higgs eld S with the H-S  mixing. The decays
D ! diS+ may also be enhanced substantially as  D(S+)  2S+S  D(S ) via a sizable
S+-S  mixing S+S  .
We present in the following the detailed estimates on the widths of the relevant decay
modes, where the constraints on the d-D mixing from the F = 2 meson mixings and
the diagonal Z-boson couplings are checked to be satised according to the numerical
calculations performed in Sec. 5.3.























Figure 5.5: RD(W=Z)   D(W )= D(Z) versus mD is shown for the bases (a) () and (b)
(). RD(H=Z)   D(H)= D(Z) versus mD is also shown for the bases (a) (M) and (b)
(N). Here, vS = 500GeV, and the Higgs scalar mixing is assumed to be absent (O = 1).
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where X =W;H; S+; S . For the usual decay modes D ! uiW , D ! diZ and D ! diH,
scatter plots of RD(W=Z) (, ) and RD(H=Z) (M, N) versus the singlet quark mass mD
are shown in Fig. 5.5 for the bases (a) (, M) and (b) (, N). Here, vS = 500GeV, and the
Higgs scalar mixing is assumed to be absent (O = 1). Similar results are obtained for the
bases (a) and (b) since these bases are equivalently related to each other by the unitary
transformation, as discussed in Sec. 5.2. Note here that larger values may be obtained
for the singlet quark mass mD with a given singlet Higgs VEV vS in the basis (a) (,
M), which is due to the signicant contribution of the q-Q mixing term qQ = f+Q vS=
p
2
for jf j  1. The lower boundary curve for RD(W=Z) reects the kinematic factor of
the dominant top contribution D ! tW with jV [uyD]3j2  jV [uyD]1;2j2. In this case the
singlet D quark mixes mainly with the b quark as j(dL)3j2  j(dL)1;2j2. On the other
hand, in the case that the top contribution is negligible with jV [uyD]3j2  jV [uyD]1;2j2,
the asymptotic value RD(W=Z) = 2 is almost saturated for mD & 300GeV. We also see
that RD(H=Z) approaches the asymptotic value RD(H=Z) = 1 showing the kinematic
dependence on mD. These results really conrm the usual expectation in Eqs. (5.69) and
(5.70). It should, however, be remarked that as shown in Eq. (5.76), the D decays with
the standard Higgs H may be enhanced substantially as RD(H=Z) 1 due to the singlet
Higgs coupling 
S 
D via the H-S  mixing.
The reference width  D(Z) versus the magnitude of the left-handed d-D mixing jhj,
as given in Eq. (5.66), is shown in Fig. 5.6. Here, the marks  and  denote the estimates
in the bases (a) and (b), respectively, and hi = (mqi=mD)
f
i as Eq. (5.35) is adopted in the
basis (a) though hi = 0 formally. This plot of  D(Z) spreads according to the variation
of mD  100GeV   1TeV due to the fact that  D(Z) is almost proportional to m3D.
The decay widths  D(Z) and  D(S ) for the signicant modes are compared in Fig.
5.7. According to Eqs. (5.66) and (5.73), by measuring these decay widths we can estimate
the magnitudes of d-D mixings, jhj from the hd coupling and jf j from the fD and f 0D
couplings. Specically,  D(S )   D(Z) for jf j  jhj as in the basis (a) (), while
 D(S ) .  D(Z) for jf j . jhj as in the basis (b) (). The decay width  D(H) with the
standard Higgs H is also relevant to measure the relative signicance of jhj versus jf j
according to Eq. (5.76) with the sizable H-S  mixing. This is useful even if the decays
D ! diS  are kinematically forbidden for mS  > mD +mdi . A plot of RD(H=Z) versus
jf j=jhj is shown in Fig. 5.8 for the bases (a) (M) and (b) (N), where HS  = 0:1 is taken
typically for the H-S  mixing. In the region of jf j=jhj  1, the contribution of the
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Figure 5.6:  D(Z) versus jhj in the bases (a) () and (b) (). Here, hi = (mqi=mD)fi as
Eq. (5.35) is adopted in the basis (a) though hi = 0 formally.
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Figure 5.7:  D(Z) and  D(S ) are compared in the bases (a) () and (b) ().
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Figure 5.8: RD(H=Z)   D(H)= D(Z) versus jf j=jhj is shown for the bases (a) (M)
and (b) (N), where HS  = 0:1 is taken typically for the H-S  mixing.
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singlet Higgs coupling 
S 
D dominates as  D(H)  2HS  D(S )   D(Z). On the other
hand, in the region of jf j=jhj . 1 we have  D(H)   D(Z) as usually expected.
In these plots of Figs. 5.5, 5.6, 5.7 and 5.8, the regions for the bases (a) and (b)
overlap as expected, but they are not identical. This is because the actual parameter
ranges are somewhat dierent for the bases (a) and (b); although the parameter ranges
have been taken apparently in the same way for these bases in the numerical calculations,
except that hq = 0 in the basis (a), they are not mapped identically to each other by the
unitary transformation between the bases (a) and (b). Specically, in the basis (a) we
have a signicant constraint jhj=jf j . mb=mD  0:01 from the relation hi  (mdi=mD)fi ,
implying jhj . 0:01 as long as jf j . 1. This is explicitly seen in Figs. 5.6 and 5.8. We also
note that the plot for the basis (a) in Fig. 5.8 spreads signicantly. This is in some sense
an artifact due to the denition of the d-D mixing parameters fi in terms of f
+
D  fD+f 0D
for the basis (a). The singlet S  coupling 
S 
D is rather given by f
 
D  i(fD   f 0D). The
spread in the plot for the basis (a) really reects the partial cancellation between fD and
f 0D for the 
S 
D coupling. On the other hand, for the basis (b) the parameters 
f
i are
dened suitably with f D = 2ifD (fD =  f 0D for f+D = 0). Hence, the plot for the basis
(b) almost lies on a curve up to the small uctuation due to the kinematic factor, which
gives the boundary of the plot for the basis (a). This boundary really corresponds to the
extreme case fD   f 0D for jf D j  2jfDj in the basis (a).
As seen so far, the singlet D quark decays present us important insights on the d-D
mixing eects for the avor-changing processes. Especially, if it is observed that  D(S )
 D(Z), we nd that the singlet Higgs scalar interactions dominate over the Z-boson
interactions. For example, suppose that the current experimental bound for the Bd- Bd




2  0:2 for mS   300GeV in the basis (a) as
shown in Eq. (5.42), which implies jf j & p2  0:2  jhj. Then, we expect  D(S ) 
1GeV   10GeV  D(Z) for mD  500GeV   1TeV, as seen in Eq. (5.73) and Fig. 5.7.
Contrarily, if  D(S ) . 1MeV for mD & 500GeV, which implies jf j . 0:01, the scalar
FCNC's do not provide signicant contributions to the F = 2 meson mixings. As for the
D decays with the Z boson, if there is a signicant left-handed d-D mixing as jhj  0:03
in the basis (b), we expect  D(Z)  10MeV   100MeV for mD  500GeV   1TeV in
Eq. (5.66). In this case, the bound for the Bd- Bd mixing may be saturated by the Z-




2  0:03, as shown in Eq. (5.44). On the other hand, if
 D(Z) . 0:01MeV for mD & 500GeV, which implies jhj . 0:001 (see Fig. 5.6), the
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eects of the Z-mediated FCNC's are negligible in the F = 2 meson mixings.
5.4.2 Higgs particle decays
We next survey the decays of the Higgs particles H, S+ and S , or more precisely the
mass eigenstates 1, 2, 3 with the mixing matrix O.
The standard Higgs H is probably lighter than the singlet quarks Q (mQ > mH 
120GeV) so that its decays involving the singlet quarks are forbidden kinematically. It
should also be noted that the q-Q mixing eect on the H coupling with the ordinary
quarks appears merely at the second order related to the modication of the Z-boson
coupling, as seen in Eq. (5.31). Hence, the Higgs particle H will decay essentially in
the same way as the standard model unless the H-S  mixing is so large as to provide
signicant eects.
The singlet Higgs particles S will be produced signicantly by gluon fusion via a loop
of singlet quark Q coupled to S with the strength  jQj  mQ=vS  1. The production
rates of S will be comparable to that of the standard Higgs H unless S are substantially
heavier than H. If mS < mQ, the singlet quark decays Q ! qiS also produce S, as
discussed so far. It should be remarked that some indirect indication for the presence of
S  may be obtained via the H-S  mixing, specically in the case of  Q(H)  Q(Z) for
the singlet quark decays Q! qH.
In the case of mS < mQ, the singlet Higgs particles S decay predominantly into the
ordinary quarks through the scalar interactions in Eqs. (5.32), (5.33) and (5.34) at the
second order of the q-Q mixing:
S ! qiqj: (5.78)
The decay widths are estimated particularly for S  in comparison with that of the stan-
dard Higgs H as
 (S  ! qiqj)
 (H ! bb) 
mS (jS Q [qcq]ijj2 + jS Q [qcq]jij2)
mH jHQ [qcq]33j2
 [(mS =mH)(mQ=vS)2=(mb=v)2]
[(fi )2(hj )2 + (fj )2(hi )2]; (5.79)
where hj ! (mqj=mQ)fj in the basis (a). We estimate, for instance,  (S  ! bb)= (H !
bb)  [10(f3h3)
1
2 ]4 for mS =mH  3, mD=vS  1 and mb=v ' 1=60, which may amount to
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O(1) for the large b-D mixing as f3  1 and h3  (mb=mD)f3  0:01. The avor-changing
decays such as S  ! bs as well as the avor-diagonal ones may have signicant fractions.
This is distinct from the standard Higgs H, presenting a promising signature of the singlet
Higgs S . In fact, we estimate
 (S  ! b dj)
 (S  ! bb)
 (fj =f3)2 + (hj =h3)2; (5.80)
depending on the avor structure of the d-D mixing. If the singlet U quarks are present
with a large t-U mixing, the decays S  ! tt; tui; uit involving the top quark may be
observed with signicant fractions.
In this way, the decays of the singlet Higgs S  into the ordinary quarks are determined
in terms of the q-Q mixing parameters with close connection to the avor-changing pro-
cesses such as the F = 2 meson mixings. As for the the singlet Higgs S+, its coupling
is given in Eq. (5.32) by the Z-boson coupling at the second order of q-Q mixing with
further suppression by the ordinary quark mass. These arguments on the S couplings
with the ordinary quarks generally suggest that
 H &  S    S+(mS < mQ; O  1): (5.81)
for the decay rates of the Higgs particles if the Higgs mixing is negligibly small. It is,
however, possible that the large Higgs mixing, in cooperation with the q-Q mixing, aects
signicantly the decays of H and S. (See also Ref. [90, 91, 92] for investigations of
extended Higgs models at the LHC.) Therefore, the observations of the Higgs particle
decays present important information on the Higgs mixing and q-Q mixing.
In the case of mS > mQ, the singlet quark decays Q! qS are forbidden kinemati-
cally. Even in such a case the singlet Higgs S will be produced signicantly by the gluon
fusion via the singlet quark loop. Then, they decay predominantly involving the singlet
quarks as
S ! Qq; Qq;Q Q: (5.82)
The decay widths are estimated in terms of the scalar couplings 
S
Q in Eq. (5.27). In
particular, if mS > 2mQ we have
 (S ! Q Q)  (mQ=vS)
2mS
16
& 10GeV  H (5.83)
with Br(S ! Q Q)  1 for mS & 500GeV and jQj  mQ=vS  1.
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5.5 Summary
The singlet quarks in cooperation with the single Higgs eld may provide various interest-
ing eects in particle physics and cosmology through the mixing with the ordinary quarks
(q-Q mixing). It is hence worth considering their phenomenological implications toward
the discovery of them at the LHC. In this chapter we have investigated the avor-changing
interactions in the model with singlet quarks and singlet Higgs, which are induced by the
q-Q mixing. While the gauge interactions have been investigated extensively in the lit-
erature, we have rather noted here that the scalar interactions mediated by the singlet
Higg may provide signicant eects in some cases. This possibility has not been paid so
much attention before in the models with singlet quarks. We have considered the eects
of the gauge and scalar interactions in the F = 2 mixings of the neutral mesons to show
the currently allowed range of the q-Q mixing. Then, we have investigated the decays of
the singlet quarks and Higgs particles as the new physics around the electroweak scale to
the TeV scale, which is accessible to the LHC. Especially, the right-handed q-Q mixing
may be tolerably large without contradicting the current bounds on the avor-changing
processes, since it is not involved directly in the electroweak gauge interactions. If this is
the case, the scalar coupling by the singlet Higgs, and possibly through the Higgs mixing,
provides distinct signatures for the decays of the singlet quarks and Higgs particles, which
should be compared with the conventionally expected ones via the gauge and standard
Higgs couplings. We expect that observations of the singlet quarks and Higgs particles
will present us important insights on the q-Q mixing and Higgs mixing.
Appendix B
Relations among the gauge and scalar couplings
We here derive the suitable relations among the gauge and scalar couplings.




















Then, we obtain from the o-diagonal blocks
V [uyD] = V yuLV0dL ' V V ydLdL ; (5.85)
V [U yd] = yuLV0VdL ' yuLVuLV; (5.86)
where the approximate unitarity VqLV
y
qL
' 1 is considered up to the second order of the
small q-Q mixing. By applying Eq. (5.51) for the Z-boson coupling to Eqs. (5.85) and
(5.86), we obtain Eqs. (5.52) and (5.53).













where a = sin2 WQem(Q)=I3(q0), and the division by I3(q0) = 1=2 is for convenience of















The modication of the Z-boson coupling due to the q-Q mixing is calculated from Eqs.
(5.87) and (5.88) as



















Here, we have considered the relation V yqLVqL   1 =  0qL0yqL from the unitarity of VQL to
obtain Eq. (5.22) for the upper diagonal block ZQ[qyq] in ZQ. We also obtain the Z
boson q-Q couplings in Eq. (5.51) from the o-diagonal blocks in Eqs. (5.88) and (5.89)
as
ZQ[qyQ] = ZQ[qyQ] = V yqLqL = (ZQ[Qyq])y: (5.90)
























































On the other hand, by considering Eq. (5.6) for Mq and 
0

















Comparison of Eqs. (5.94) and (5.95) establishes the relation between the Z-boson cou-
pling and the standard Higgs H coupling,






Specically, Eq. (5.31) is obtained from the upper diagonal block, and Eqs. (5.54) and
(5.55) from the o-diagonal blocks with ZQ[qyQ] = ZQ[qyQ].
Similarly, we obtain the relation between the Z-boson coupling and the singlet Higgs





































Comparison of Eqs. (5.97) and (5.98) leads to the expected relation

S+






Specically, Eq. (5.32) is obtained from the upper diagonal block, and Eqs. (5.56) and




The existence of singlet quarks, D with Qem =  1=3 and U with Qem = 2=3, is one
of very intriguing candidates for new physics beyond the standard model of elementary
particles, as suggested by the E6-type unied theory. In this thesis, we have investigated
extensively the electroweak interaction processes involving the singlet quarks.
We have rst presented the systematic and comprehensive investigations on the quark
mixings in the electroweak models with singlet quarks. We have examined in detail
how the ordinary quark masses and mixings are aected by the q-Q mixing. The avor
changing interactions are also modied by the q-Qmixing. Specically, the CKM unitarity
within the ordinary quark sector is violated, and the FCNC's arise both in the gauge and
scalar couplings. The structures of these avor changing interactions have been claried
in the suitable quark bases. In fact, they are described appropriately in terms of the
q-Q mixing parameters and the quark masses. These results ensure that there are some
reasonable ranges of the model parameters where the ordinary quark mass hierarchy and
the actual CKM structure are reproduced even in the presence of singlet quarks. A
detailed numerical analysis has further been performed for calculating precisely the quark
mixings and avor changing couplings with singlet quarks. Then, it has been conrmed
that the q-Qmixing eects really exhibit the expected avor structures. These calculations
on the singlet quarks may be extended readily for the models with various exotic quarks
and leptons such as vector-like fermions.
We have then investigated the quark masses and mixings specically in the USY
scheme by including down-type quark singlets. In contrast with the standard model with
USY, the sucient CP violation is obtained for the CKM matrix through the mixing
between the ordinary down-type quarks and quark singlets. Two or more quark singlets
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are needed to have the relevant large USY phases for the desired CP violation. These
quark singlets may have masses  TeV, to be discovered in the future collider experiments,
especially at the LHC. We have shown that with rather exible choices of the USY phase
values the actual quark masses and CKM matrix are really reproduced. Then, it is
interesting for further investigations to invoke some textures and avor symmetries for
the USY phases so as to derive some predictive relations among the quark masses and
mixings. The top-bottom hierarchy mt  mb also appears naturally in the USY scheme
in the presence of extra down-type quark singlets but no extra up-type quark singlets.
Furthermore, in the USY scheme (or more generally avor democracy), the fermion mass
hierarchy may be extended as mt  mb  m if vector-like lepton doublets are also
present.
Finally, we have investigated the avor changing interactions in the model with singlet
quarks and singlet Higgs, which are induced by the q-Q mixing. While the gauge inter-
actions have been investigated extensively in the literature, we have rather noted here
that the scalar interactions mediated by the singlet Higg may provide signicant eects
in some cases. This possibility has not been paid so much attention before in the models
with singlet quarks. We have considered the eects of the gauge and scalar interactions in
the F = 2 mixings of the neutral mesons to show the currently allowed range of the q-Q
mixing. Then, we have investigated the decays of the singlet quarks and Higgs particles
as the new physics around the electroweak scale to the TeV scale, which is accessible to
the LHC. Especially, the right-handed q-Q mixing may be tolerably large without con-
tradicting the current bounds on the avor changing processes, since it is not involved
directly in the electroweak gauge interactions. If this is the case, the scalar coupling by
the singlet Higgs, and possibly through the Higgs mixing involving the standard Higgs,
provides distinct signatures for the decays of the singlet quarks and Higgs particles, which
should be compared with the conventionally expected ones via the gauge and standard
Higgs couplings. We expect that observations of the singlet quarks and Higgs particles
will present us important insights on the q-Q mixing and Higgs mixing.
These results on the eects of the singlet quarks in the electroweak interaction, includ-
ing the quark mixing and avor changing processes, really provide promising perspectives
for the new physics in the TeV region beyond the standard model. The discovery of
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